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Abstract of a thesis submitted in partial fulfilment of the 
requirements for the Degree of Doctor of Philosophy 
Abstract 
The fate of nitrogen in an animal urine patch 
as affected by  
urine nitrogen loading rate 
and  
the nitrification inhibitor dicyandiamide 
 
by 
Diana Selbie 
 
The animal urine patch is the main source of nitrogen (N) loss from agricultural grazed pasture 
systems.  Losses include emissions of nitrous oxide (N2O), a potent greenhouse gas, and leaching of 
nitrate (NO3
-
) into waterways, both of which contribute to environmental degradation. Urine patch N 
loss also represents an economic loss of N from a farm.  The loading rate of N in the urine patch is 
primarily determined by the animal’s dietary N intake and the subsequent excretion of N in the urine.  
Improving N use efficiency in the urine patch is therefore of critical importance, both environmentally 
and economically. There has been a considerable amount of research on the fate of N in a urine patch 
at a single N loading rate, as well as the fate of N from multiple urine rates on a single N pathway of 
loss or transformation, however there is a gap in current knowledge of the fate of N in multiple loss 
pathways from urine applied at varying N loading rates. The application of the nitrification inhibitor 
dicyandiamide (DCD) has been shown to reduce urine patch N losses and increase pasture N uptake 
however there has been little investigation into the effect of DCD at varying urine N loading rates.  
The objective of the project was to determine the effect of urine N loading rate, and the effect of DCD 
at varying urine N loading rates, on the fate of N in grassland soils. 
Two experiments were carried out in 2009-2010 (year one) and 2010-2011 (year two) using soil 
monolith lysimeters collected from a free-draining sandy loam soil under pastoral dairy grazing in 
south-east Ireland.  Dairy cow urine was diluted with water or fortified with urea to produce a range of 
total N concentrations which corresponded to urine N loading rate treatments of 0, 300, 500, 700 and 
1000 kg N ha
-1
.  Two litres of urine was applied in late autumn to the 0.2 m
2
 surface area of each 
lysimeter to mimic a dairy cow urine patch deposited in the field.  DCD was applied twice, to 
lysimeters receiving urine at 500 and 1000 kg N ha
-1
, the day after urine and again in early spring. The 
iv 
 
DCD was applied in solution form at a rate of 15 kg DCD ha
-1
 per application. Nitrous oxide 
emissions, N leaching in drainage water and pasture N uptake were measured periodically following 
urine application, using standard methods.  A mass balance determined the apparent recovery of N 
from each urine N loading rate.  In year two, urine in the 1000 kg N ha
-1
 treatments (with and without 
DCD) received urea labelled with the isotope 
15
N which produced a mix containing 45 atom% 
15
N.  
Additional measurement of di-nitrogen gas (N2) was carried out and lysimeters were destructively 
sampled at the end of year two to measure 
15
N recovery in the soil.  A 
15
N balance was determined 
using the recovery of 
15
N in gaseous, drainage water, pasture and soil fractions.  
Increasing the urine N loading rate resulted in an increase in the cumulative N2O emissions, N 
leaching and pasture N uptake in both experiments.  In all cases, highly statistically significant 
curvilinear relationships were found, with the amount of N recovered diminishing at the higher N 
rates, except for pasture N uptake, where the curvilinear relationship was exponential.  The reason for 
the diminishing curvature was hypothesised as extra N at the higher N rates being recovered in 
pathways other than N2O emissions, N leaching and pasture N uptake.  This was confirmed in the 
15
N 
balance study carried out in year two, by the recovery of 23% and 26% of urine N applied in soil N 
immobilisation and N2 emissions, respectively.  The large recovery of N2 emissions from the 1000 kg 
N ha
-1
 urine treatment, was almost entirely derived from the process of co-denitrification, whereby the 
N in N2 is derived from both urine N and native soil N sources. This finding is important both for 
recognising the contribution of a relatively unrecognised process to denitrification in grazed grassland, 
and at a broader level, to closing the gap of ‘missing N’ in the grassland N budget.  The application of 
DCD reduced N2O emissions, N leaching and increased pasture N uptake and dry matter yield; 
however, the responses were variable.  There was no consistent interaction found between urine N 
loading rate and the application of DCD on N2O emissions, N leaching or pasture N uptake.  The most 
likely reason for the variable DCD response was the removal of the DCD by leaching or 
decomposition.  DCD may be used as a mitigation strategy to reduce urine patch N loss in Irish grazed 
pastures, providing it remains in the soil at an effective concentration. 
 
This work has clearly shown that an increase in the urine N loading rate applied to grassland soils 
increases the amount of N lost in N2O emissions, lost in N leaching and taken up by pasture plants.  
 
Keywords: dicyandiamide, di-nitrogen gas, fate, grazed pasture, leaching, loading rate, mitigation, N-
15 isotope, N balance, nitrate, nitrification inhibitor, nitrogen, nitrous oxide, recovery, uptake, urine 
patch. 
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Chapter 1 
General introduction 
Nitrogen (N) is a naturally-occurring chemical element and an essential nutrient for the growth and 
reproduction of plants and animals.  N fertilisers are manufactured and used to support food 
production, without which half of the world’s population would not be alive today (Erisman et al., 
2008).  The requirement for N fertiliser continues due to a continually growing global population 
(Gruber and Galloway, 2008).  Countries such as Ireland and New Zealand generate a large proportion 
of their gross domestic product from agriculture, the majority of which is pasture-based production of 
meat and milk products.  In grazed pasture systems, meat and milk are produced from ruminant 
animals which consume a mostly grass/clover diet by grazing outdoors.  However, the N cycle in 
agricultural systems, which includes all of the inputs, outputs and transformations of N, is a ‘leaky’ 
system, and N can be unintentionally lost into the environment (Galloway et al., 2008).  The 
consequences of environmental N loss can be negative, including emissions of N gases such as nitrous 
oxide (N2O) which contribute to global warming (IPCC, 2007), and pollution of waterways (Sutton et 
al., 2011).  An overview of N and the issues associated with its use are described in a video clip 
provided by the European Nitrogen Assessment
1
.  
In grazed pasture systems, N is taken up from the soil by the pasture plants, consumed by the grazing 
animal, and utilised in animal products such as meat and milk.  However, the majority of the N 
ingested is returned to the pasture in animal urine and dung, particularly in the urine.  Because urine is 
excreted in patches, rather than distributed evenly over the paddock (Lantinga et al., 1987), the 
amount of N in a urine patch exceeds pasture requirements, and the extra N may be lost into the 
atmosphere in gaseous emissions, leached into drainage water, or converted into soil organic matter 
(Clough et al., 1998).  The loading rate of N in a urine patch can be up to 1000 kg N ha
-1
 (Haynes and 
Williams, 1993), mostly in urea form (Bristow et al., 1992; Petersen et al., 1998).  Urine patches have 
been identified as the main source of N loss in grazed pasture systems (Di and Cameron, 2002b), 
which can have negative environmental impacts (Ledgard et al., 2009).   
The importance of N in the urine patch was highlighted in reviews by Haynes and Williams (1993), 
Jarvis et al. (1995) and Lantinga et al. (1987).  Targeted investigations have included urine N 
dynamics in soil (Haynes and Williams, 1992; Monaghan and Barraclough, 1992; Williams and 
Haynes, 1994) and the fate of urine N (Whitehead and Bristow, 1990; Fraser et al., 1994; Decau et al., 
2003).  The ‘average’ dairy cow urine patch was described by Haynes and Williams (1993) in a review 
of existing literature, as 2 L of 10 g N L
-1
 urine returned to a surface area (wet) of 0.2 m
2
, which 
                                                 
1
 https://www.youtube.com/watch?v=uuwN6qxM7BU. 
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corresponds to a urine patch loading rate of 1000 kg N ha
-1
.  The urine N loading rate actually varies 
from 400 to over 1000 kg N ha
-1
 (Haynes and Williams, 1993; Jarvis et al., 1995), which is primarily 
due to the amount of N ingested by the animal (Barrow and Lambourne, 1962).  In a productive 
ryegrass-based pasture, the N content is ~4% which is high relative to other animal feeds (Misselbrook 
et al., 2005).  Therefore animals grazing a diet with a high proportion as pasture excrete more N in 
urine than cows consuming a mixed diet (van Vuuren and Meijs, 1987; van Vuuren et al., 1993).  
Studies have shown that dietary manipulation can reduce the amount of N excreted in the urine of 
grazing animals, by ~20% on a per cow per day basis (Misselbrook et al., 2005; Whelan et al., 2011).  
Therefore the range in urine patch N loading rates is produced mainly by changes in the dietary N 
intake of grazing animals.   
As N inputs from mineral N fertiliser, urine and dung in grazed pastures increases, the amount of N 
loss increases, and this has been shown in several studies (Ledgard et al., 1999; de Klein et al., 2001; 
Monaghan et al., 2005; Rafique et al., 2011).  Barraclough et al. (1992) showed an apparent break 
point between 400-500 kg N ha
-1 
year
-1
 of mineral fertiliser applied, above which the amount of N 
leaching loss from a grazed pasture accelerated.  Furthermore, studies have reported the effect of 
increasing application rates of mineral N fertiliser on N2O emissions (Velthof et al., 1997), N leaching 
(Scholefield et al., 1993) and pasture yield (Monaghan et al., 2005).  Fewer studies have investigated 
the effect of increasing urine N loading rate on N2O emissions (van Groenigen et al., 2005b), N 
leaching and pasture N uptake (Di and Cameron, 2007; Moir et al., 2012a).  With the exception of Di 
and Cameron (2007), Singh et al. (2009), and Moir et al. (2012a), trials which applied multiple urine 
N loading rates measured the effect on a single N pathway only.  Detailed experiments have been 
conducted on the fate of N in the urine patch using 
15
N isotopic balance, reporting the percentage of N 
applied recovered in soil as 25%, pasture as 43%, drainage water as 11% and gaseous emissions as 3% 
(Fraser et al., 1994; Clough et al., 1998; Di et al., 2002; Decau et al., 2003).  However these studies 
described the fate of N in multiple pathways from a single urine N loading rate.  Therefore, there is a 
gap in the literature with little research reported into the effect of a range of urine N loading rates on 
the fate of N in multiple pathways, and this needs to be investigated. 
Mitigation strategies and technologies to reduce N losses from grazed pasture systems have been 
reviewed by several authors (Saggar et al., 2004; Monaghan, 2008; Stark and Richards, 2008).  One 
mitigation strategy which directly targets urine patch N loss is the use of the nitrification inhibitor 
dicyandiamide (DCD).  Research has consistently shown that the application of DCD following urine 
deposition on pastoral soils can reduce N2O emissions and N leaching (Di and Cameron, 2004b, 2008; 
de Klein et al., 2011; Dennis et al., 2012; Welten et al., 2013).  Pasture N uptake and dry matter 
production may also be increased using DCD, however the results have been variable (Moir et al., 
2007; Monaghan et al., 2009; Zaman and Blennerhassett, 2010; Carey et al., 2012).  Three studies 
have tested the effect of DCD at varying loading rates of urine N (Di and Cameron, 2007; Singh et al., 
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2009; Moir et al., 2012a).  (Di and Cameron, 2007) reported an increase in the percentage change by 
DCD in N leaching and pasture N uptake, where the urine N rates were increased in 0, 300, 700 and 
1000 kg N ha
-1
 treatments.  In a lab study using small intact soil cores, Singh et al. (2009) showed that 
the percentage reduction in N2O emissions increased with increasing urine N rate, but there was not a 
similar trend in N leaching or pasture dry matter yield.  These results are conflicting, and require 
further investigation.   
Therefore, the overall objectives of the research described in the thesis were: 
1. To quantify the effect of urine N loading rate on cumulative N2O emissions, N leaching and 
pasture N uptake from grassland lysimeters in Ireland; 
2. To quantify the effect of dicyandiamide (DCD) nitrification inhibitor and N loading rate on 
cumulative N2O emissions, N leaching and pasture N uptake from urine applied to grassland 
lysimeters in Ireland; and 
3. To determine the fate of urine N applied at varying N loading rates. 
Two experiments were conducted using intact soil monolith lysimeters collected from a dairy grazed 
pasture in Ireland, over a two year period.  Each experiment consisted of an autumn urine application 
followed by measurements of N2O emissions, N leaching and pasture growth periodically for 
approximately one calendar year.  Treatments consisted of dairy cow urine applied at urine N loading 
rates of 0, 300, 500, 700 and 1000 kg N ha
-1
.  DCD was applied in solution form at a rate of 15 kg 
DCD ha
-1
 twice following urine application, at the urine N rates of 500 and 1000 kg N ha
-1
.  The 
treatment structure was a randomised block design with four replicates per treatment.  Following 
analysis of the results from the year one experiment, a 
15
N isotope tracer was added with the urine 
applied at 1000 kg N ha
-1
 (with and without DCD) in year two, in order to better understand the fate of 
urine N.   
A review of the literature identifies the gaps in existing knowledge and establishes the research 
objectives and hypotheses in Chapter 2.  General methods are described in Chapter 3.  The effects of 
urine N loading rate (Objective #1) and DCD (Objective #2) are discussed for N2O emissions in 
Chapter 4, N leaching in Chapter 5, and pasture N uptake in Chapter 6.  Objective #3, the effect of 
urine N loading rate on the fate of N, is investigated in Chapter 7 using mass balance and 
15
N balance 
methods.  Chapter 8 includes an evaluation of the hypotheses, discussion of the limitations and 
implications of the research, and recommendations for future research.  
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Chapter 2 
Literature review 
2.1 Introduction 
The main objective of this review was to identify gaps in current knowledge about nitrogen (N) losses 
from grazed pasture soils in Ireland and options to reduce those losses.    
Some more specific objectives of this literature review were to: 
 Understand some of the key N cycle processes occurring in pastoral soils; 
 Describe the key drivers for N transformations and losses in pastoral soils, particularly N 
returned in animal urine; 
 Describe some of the conditions in a urine patch and factors influencing the fate of urine N; 
 Summarise the main issues associated with environmental N emissions; 
 Identify and describe potential mitigation options for reducing environmental N losses; 
 Provide context for pastoral systems in Ireland. 
With this information, and the identified gaps in current knowledge, new research objectives and 
hypotheses were formulated. 
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2.2 Soil nitrogen cycle in pastoral agriculture 
The N content of most soils is 0.1-0.6%, which is equivalent to approximately 2-12 t N ha
-1
 depending 
on the soil type (Cameron et al., 2013). The majority of N is present in organic forms (plant residues, 
humus and microbial biomass) and mineral forms (ammonium NH4
+
, nitrite NO2
-
 and nitrate NO3
-
).  
The inputs, outputs and transformations of N in the soil system influence the amount of N that is 
available for plants and transferred into the wider environment (Cameron et al., 2013) (Figure 2.1).  
Mineral N contained in the soil solution is the central source of N from which all major soil processes 
are derived.  A N balance equation may be used to estimate the amount of mineral N in the soil ( ) 
(Equation 2.1): 
                                 
Equation 2.1: N balance equation for the amount of mineral N in the soil (Cameron et al., 2013) 
where   is precipitation and dry deposition,   is biological fixation,   is fertiliser,   is urine and dung 
returns to the soil,   is mineralisation,    is plant uptake,   is gaseous loss,   is immobilisation,   is 
leaching loss and   is erosion and surface runoff.   
The soil N cycle in pastoral systems is described in further detail by Stevenson (1982), Haynes et al. 
(1986), Whitehead (1995b), McLaren and Cameron (1996), Ledgard et al. (1999), and Cameron et al. 
(2013).  Some of the key transformations and losses of N in grazed pasture systems are described here: 
mineralisation, nitrification, immobilisation, plant uptake, leaching, volatilisation and denitrification.   
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Figure 2.1:   The nitrogen cycle in grazed pasture systems (Cameron, 1992) 
2.2.1 Mineralisation, nitrification and immobilisation 
Mineralisation is the process by which organic N is converted to mineral N, and involves the 
breakdown of complex proteins to amino acids through a series of reactions by microbes, eventually 
releasing ammonia (NH3). This final stage, where NH3 is released is termed ammonification, and 
provides microbes with energy and a source of N (Cameron, 1992).   
Nitrification is a two-step oxidation reaction which involves the conversion of NH4
+
 to NO3
-
 via NO2
-
 
(Figure 2.1). The first step, from NH4
+
 to NO2
-
, is carried out by the ammonia monooxygenase enzyme 
associated with ammonia oxidising bacteria (AOB), such as Nitrosospira and Nitrosomonas (Equation 
2.2).  In the second step, the NO2
-
 produced is oxidised to NO3
-
 by Nitrobacter (Equation 2.3). 
Because the proportion of bacteria mediating nitrification is small, soil conditions such as pH, 
moisture content, temperature and nutrient status are important (McLaren and Cameron, 1996). 
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Nitrification is of particular significance in relation to potential N
 
leaching, because it is the sole 
production pathway of NO3
-
, which is readily lost from the soil due to its negative charge (Section 
2.2.4). The conversion of NH4
+
 to NO3
-
 is usually rapid, and consequently, N addition to soil is 
vulnerable to loss if it is not utilised by plants, or immobilised into soil organic matter. 
    
       
→      
         
         
Equation 2.2: Nitrification – Step 1 
    
    
 
 
→     
         
Equation 2.3: Nitrification – Step 2 
The reverse process of mineralisation is immobilisation, where N is converted into organic N forms. 
The main pathway for immobilised N is the assimilation of N into microbial tissue.  Mineralisation 
and immobilisation occur simultaneously in soil (Cameron, 1992), and the amount of mineral N 
resulting will depend on the net process taking place. Net mineralisation occurs where the amount of 
N released exceeds the amount of N assimilated by microbes, whereas net immobilisation describes 
the reverse. The carbon (C) to N ratio (C:N) of the material decomposing (organic N source) can be 
used to determine the net process occurring. When the material has a high N content (e.g. 3% N) then 
the C:N is low (e.g. a C:N ratio <25:1) and more mineral N is produced than is required by microbes, 
thus net mineralisation occurs. Net immobilisation occurs when the organic material has a low N 
content (e.g. a C:N ratio >25:1) and the N produced is insufficient for microbial N requirements. Net 
immobilisation results in the reduction of N available for plant uptake as well as for loss via leaching 
and gaseous emissions. The C:N ratio of some common soil components and plant materials are clover 
(20:1), grass (24:1), soil bacteria (5:1), and soil humus (10:1) (Whitehead, 1995i; McLaren and 
Cameron, 1996). 
Some of the key factors affecting mineralisation, nitrification and immobilisation are: soil type 
(Monaghan and Barraclough, 1995; Decau et al., 2003), moisture and temperature (Haynes, 1986a), 
forms and amounts of C and N (Barrett and Burke, 2000; Bengtsson et al., 2003), cultivation (Silgram 
and Shepherd, 1999) and microbial factors (Lovell and Jarvis, 1998).  Other key references describing 
mineralisation-immobilisation turnover (MIT) include: Jansson and Persson (1982), Jenkinson et al. 
(1985) and Jarvis et al. (1996). Ledgard et al. (1998) estimated daily mineralisation and 
immobilisation rates of 4.0 and 0.1 kg N ha
-1
 day
-1
, respectively, under grazed pasture receiving 200 
kg N ha
-1
 year
-1
, and 3.0 and 1.0 kg N ha
-1
 day
-1
, respectively, under grazed pasture receiving 0 N.  
Daily rates of up to 13.3 and 27.8 kg N ha
-1
 day
-1
 for mineralisation and immobilisation, respectively, 
were measured by Watson and Mills (1998), for soil under long-term grassland.  The net effects of 
mineralisation, nitrification and immobilisation processes are notoriously difficult to measure at a field 
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scale except with the use of multiple assumptions (Murphy et al., 2003), thus it is an area that requires 
further methodological development. 
2.2.2 Ammonia volatilisation 
Volatilisation refers to the gaseous loss of NH3 from the soil surface. The concentration of NH3 in soil 
is dependent on an equilibrium with NH4
+ 
(Equation 2.4).  Hydroxide ions (OH
-
) increase the soil pH, 
where gaseous NH3 production is favoured and consequently N loss via volatilisation is enhanced.  
   
     
  
 
⇔         
Equation 2.4: Ammonia equilibrium with ammonium in soil (Cameron, 1992) 
Ammonia volatilisation occurs as a result of fertiliser application, urine and dung deposition, and 
native soil N mineralisation. Soils with a naturally high pH (e.g. calcareous soils) are more likely to 
lose significant amounts of applied and native N by NH3 volatilisation.  After urea application 
(fertiliser or urine), the soil pH is temporarily increased (Black et al., 1985b). This is because urea 
((NH2)2CO) is converted to ammonium carbonate ((NH4)2CO3) which dissociates to produce OH
-
 ions, 
NH4
+
, NH3 and carbon dioxide (CO2) (Equation 2.5). This temporary pH increase occurs immediately 
around each urea granule and so NH3 loss is greatest between 2 and 4 days after fertiliser application 
(Figure 2.2). Increases in temperature will also cause volatilisation by shifting the equilibrium in 
Equation 2.4 towards NH3.  High concentrations of NH4
+ 
produced under a urine patch coupled with a 
spike in pH close to the soil surface result in high concentrations of NH3 and potential volatilisation 
losses (Haynes and Williams, 1993).   
(   )          
⇔ (   )      
⇔    
            
  
Equation 2.5: Urea hydrolysis (McLaren and Cameron, 1996) 
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Figure 2.2 Typical volatilisation loss pattern and soil pH following urea broadcast onto 
pasture (McLaren and Cameron, 1996). 
 
Ammonia losses from pastoral soils were recently summarised by Cameron et al. (2013), with on 
average 19% of N volatilised from 15-500 kg N ha
-1
 applied as urea.  Maximum volatilisation rates 
were found under high NH4
+
 concentrations at the soil surface, coupled with warm temperatures and 
elevated pH (Black et al., 1985a; Black et al., 1985b).  Thus the greatest N loss would be expected in 
the warmer months of the year.  Ball et al. (1979) reported that 5 and 16% of N applied was volatilised 
in cool and warm conditions, respectively.  Rainfall and irrigation reduce NH4
+
 at the soil surface and 
thus the potential NH3 volatilisation loss by up to 80% (Black et al., 1987).  Mitigation options are 
generally based on fertiliser application methods which reduce the concentration of NH4
+
 at the soil 
surface, for example sub-surface injection, and fertiliser application prior to predicted rainfall or 
irrigation events (Cameron et al., 2013).  Another option is the use of a urease inhibitor such as N-(n-
butyl) thiophosphoric triamide (NBPT) to coat urea granules, which can reduce NH3 volatilisation by 
up to 95% (Watson et al., 1994).  NH3 volatilisation is described in further detail by Whitehead 
(1995k), Haynes and Sherlock (1986), Saggar et al. (2004) and Sommer et al. (2004).  
The extent of NH3 volatilisation loss is influenced by a range of environmental factors, and for this 
reason a number of studies have reported variable emissions over the short (Hatch et al., 1990) and 
longer term (Jarvis et al., 1989). Environmental factors include pH, soil moisture, temperature, wind 
velocity and soil organic carbon. pH is probably the most important factor influencing NH3 losses 
which are most serious: (1) on soils of pH greater than 7; or (2) with fertiliser forms that produce a 
high pH after addition to soil e.g. via urea hydrolysis. Black et al. (1985b) found that NH3 
volatilisation was positively related to the maximum soil surface pH produced by each fertiliser type. 
Hot, dry summer conditions favour volatilisation rather than cool, moist conditions (Haynes and 
Williams, 1993). Urine patch volatilisation losses were found to be 22% in summer, 25% in autumn, 
compared to only 12% in winter (Sherlock and Goh, 1984). At a mean air temperature of 8 °C, Ryden 
et al. (1987) measured urine N loss of only 10% (as NH3), compared to 22% at 16 °C. 
2.2.3 Plant uptake 
Over 90% of the N plants take up is in NH4
+
 and NO3
-
 forms (Whitehead, 1995a), which is absorbed 
from the soil solution, through the root, to the xylem.  NH4
+
 is rapidly converted to amino acids and 
amides, whereas NO3
-
 must first be converted to NH4
+
 in a two-step process which requires 
considerable energy from photosynthesis (Haynes, 1986b).  The capacity of pastures to take up N is 
high compared to other crops, and may be up to 500 kg N ha
-1
 (Whitehead, 1995a), although typically 
200-400 kg N ha
-1
 (Goh and Haynes, 1986; Di et al., 1998).  Figure 2.3 shows a generalized diagram 
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of the plant growth response to nutrient concentration.  Most plant tissues contain between 1 and 5% 
N, with the critical concentration between 2.5 and 3.5%; at the higher end of the range for young grass 
(4-week regrowth) (Goh and Haynes, 1986; Whitehead, 1995a).  Plants may also take up N in excess 
of requirements, termed ‘luxury uptake’, usually where grass N content exceeds 4%.   
 
Figure 2.3 Generalized diagram showing plant growth in relation to the nutrient content in 
plant tissue (Whitehead, 1995a) 
The sources of N for pasture uptake include mineralisation of native soil N, mineral fertiliser, animal 
excreta, atmospheric N fixation and deposition.  Pasture grasses may also benefit from N supplied by 
legumes which are able to fix atmospheric molecular N (N2) via a symbiotic association with soil 
bacteria from the genera Rhizobium and Bradyrhizobium.  White clover (Trifolium repens L.) is 
particularly important in pastures due to its complementary growth with perennial ryegrass (Lolium 
perenne L.) and its tolerance to grazing.  The input of N to grazed pastures through the N fixation 
pathway is discussed in Section 2.3. 
The main factors affecting pasture uptake of N are: the amount of N available for uptake, temperature, 
and pH (Goh and Haynes, 1986).  In general, as the concentration of NH4
+
 and NO3
-
 in the root zone 
increases, plant uptake increases, however excessive N can result in toxic effects, for example urine 
scorch (Richards and Wolton, 1975).  Most pasture grasses require a minimum temperature of 5 °C, 
and uptake of NO3
-
 and NH4
+
 increases up to 35 °C (Whitehead, 1995a).  Soil pH has little effect on 
the uptake of N above pH 4.5, however due to the acidifying effect of nitrification following the 
application of NH4
+
-based fertilisers, plant response to N in some situations may be reduced. A 
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considerable amount of research has been conducted on the response of pasture to fertiliser N 
(Whitehead, 1995h, f, j, g, c; O'Donovan et al., 2004; Monaghan et al., 2005).   
2.2.4 Leaching 
Nitrogen leaching, the removal of N from the soil in drainage water, can involve organic N such as 
particulate and dissolved forms, but the predominant form of N leached is nitrate (NO3
-
) (Di and 
Cameron, 2002b). This is because NO3
-
, a negative ion, is repelled by the net negative charge of most 
soils.  On the other hand, ammonium (NH4
+
), a positively charged ion, may be absorbed by negatively 
charged clay particles, certain 2:1 clay minerals (e.g. illite, vermiculite), and organic matter.  The 
behaviour of ions in soil is described by McLaren and Cameron (1996).  
The amount of N leached from the soil depends on the concentration of NO3
-
 in soil solution and the 
volume of water draining through the soil.  Drainage occurs where soil is at or near field capacity and 
where water inputs exceed evapotranspiration. In Ireland and New Zealand, this period is usually late 
autumn, winter and early spring. Leaching can occur through a combination of three processes, 
convection, diffusion and dispersion (Cameron and Haynes, 1986). Convective transport involves the 
mass flow of water and the NO3
- 
in it. Therefore the faster the water flows through the soil, the more 
NO3
- 
leaching occurs. Soil texture affects this, for example, higher leaching losses occur in sandy soils 
than clay-based soils. Also, the type of soil structure, for example the size of macropores will affect 
water flow rates. Diffusive transport is the movement of NO3
- 
from an area of high concentration (of 
NO3
-
) to low concentration, and will depend on soil moisture content. Dispersion equalizes the 
distribution of NO3
- 
in the soil through the mechanical action of the soil solution flowing through the 
soil matrix. The combined effects of the convective-diffusive-dispersive mechanism has been 
described mathematically by a single equation called the convective-dispersive equation (CDE; 
Cameron and Haynes, 1986).  Solute transport mechanisms are described in further detail by Cameron 
and Haynes (1986), Hillel (1998), and Cameron et al. (2013).  Large diameter pores (‘macropores’) 
created by earthworm channels, roots and soil cracking also have a significant effect on N leaching.  
Rapid water infiltration through macropores can carry N rapidly from the soil surface, resulting in 
higher leaching, however, where NO3
-
 is present within soil aggregates, the bulk of the water draining 
can ‘bypass’ the NO3
-
 resulting in lower leaching.  
In general, N leaching in extensively grazed and cut grassland is low, due to plant uptake and 
immobilisation of N (Di and Cameron, 2002b).  Intensively grazed systems have higher leaching 
losses resulting from the return of N in urine and dung excreted by grazing animals (Section 2.3.1).  
Some examples of NO3
-
 leaching losses under grazed pastures systems are summarised in Table 2.1.  
The average amount of NO3
-
-N leached was 60 kg ha
-1
 from N applications rates of up to 750 kg N  
ha
-1
 (Table 2.1). Non-urine areas typically contribute less than 8 kg N ha
-1
 year
-1
, whereas N losses 
under a urine patch can be over 120 kg N ha
-1
 (Section 2.4).  The factors affecting NO3
-
 leaching have 
been reviewed by Cameron and Haynes (1986), Jarvis (2000) and Di and Cameron (2002b), and 
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include effects of soil type, including texture and drainage characteristics, climate, season and 
drainage, the amount of N input, and cultivation practices.   
Table 2.1:  Examples of nitrate-N leaching losses under grazed pasture systems (Cameron et al., 
2013)  
N applied 
(kg N ha
-1
 y
-1
) 
Soil texture 
(grass type) 
Grazing 
animal 
Leaching loss 
(kg N ha
-1
 y
-1
) 
Location Reference 
0 Clay loam Cattle 30 NZ Monaghan et al. (2005) 
100 Clay loam Cattle 34 NZ Monaghan et al. (2005) 
200 Clay loam Cattle 46 NZ Monaghan et al. (2005) 
400 Clay loam Cattle 56 NZ Monaghan et al. (2005) 
200 Clay loam 
(old grass) 
Beef cattle 39 UK Scholefield et al. (1993) 
400 (old grass) Beef cattle 134 UK Scholefield et al. (1993) 
400 (new grass) Beef cattle 56 UK Scholefield et al. (1993) 
0 Silt loam Dairy Cows 25 NZ Ledgard et al. (1999) 
200 Silt loam Dairy Cows 59 NZ Ledgard et al. (1999) 
400 Silt loam Dairy Cows 100 NZ Ledgard et al. (1999) 
200 Sandy loam Dairy cows 47 NZ Silva et al. (1999)  
200 Sandy loam Dairy cows 54 NZ Silva et al. (1999)  
225 Silt loam Dairy cows 57 NZ Ledgard et al. (1996)  
360 Silt loam Dairy cows 110 NZ Ledgard et al. (1996)  
200 Clay Beef cattle 39 UK Scholefield et al. (1993)  
400 Clay Beef cattle 134 UK Scholefield et al. (1993)  
420 Loam Beef cattle 162 UK Ryden et al. (1984)  
450 Loam-clay Beef cattle 11-48 UK Barraclough et al. (1992)  
0 Sandy loam Sheep 6-7 NZ Ruz-Jerez et al. (1995)  
400 Sandy loam Sheep 11-41 NZ Ruz-Jerez et al. (1995)  
250 Clay loam Cattle 11 UK Hood (1976a, b)  
750 Clay loam Cattle 54 UK Hood (1976a, b)  
 
Leaching of other forms of N such as dissolved organic N (Clough et al., 1998; van Kessel et al., 
2009), NH4
+
 (Menneer et al., 2008a), have been reported, where the soil is free-draining and/or the 
main solute transport mechanism is macropore flow e.g. beneath the urine patch (Wachendorf et al., 
2005).  Nitrate remains the form of N of primary concern for N leaching from grazed pastures due to 
its negative effect on water quality (Section 2.5). 
Mitigation options for N leaching in grazed pastures have been reviewed by Cameron and Haynes 
(1986), Di and Cameron (2002b), Monaghan et al. (2007), and Ledgard et al. (2011).  Practical 
options include the application of fertiliser N to match pasture demand, split fertiliser applications, 
precision agriculture, use of nitrification inhibitors (Section 2.6.2), biochar application, re-grassing 
schemes and the choice of winter-active species to maximise N uptake during the drainage season 
(Moir et al., 2012a).  
2.2.5 Denitrification and nitrogen oxide emissions 
Emissions of gaseous N (N2), nitrous oxide (N2O) and nitric oxide (NO) from soil take place through 
the microbial processes of denitrification, nitrification as well as through chemical denitrification 
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(chemo-denitrification).  In any situation where there are anaerobic conditions (i.e. low oxygen levels) 
for example in poorly drained soils, biological denitrification can occur. Facultative anaerobic bacteria 
can use NO3
-
 as an electron acceptor, and in a series of reactions convert NO3
- 
to NO, N2O and N2 gas 
(Figure 2.4). Each step in the sequence requires a specific reducing enzyme for example NO3
- 
reductase, NO2
-
 reductase, NO reductase and N2O reductase. While most denitrifying bacteria possess 
all of the reducing enzymes, some do not, and often N2O gas is released into the atmosphere before it 
can be converted to N2 (Haynes and Sherlock, 1986). N2O is also produced during nitrification, where 
the soil water-filled pore space (WFPS) is less than 60% (Bateman and Baggs, 2005) and through 
nitrifier denitrification (Wrage et al., 2001).  
 
Figure 2.4:  Gaseous nitrogen is emitted from nitrification and denitrification processes in the 
soil (Saggar et al., 2004) 
Individual soil characteristics determine the extent of denitrification. Usually biological denitrification 
is associated with waterlogged soils where high moisture and low aeration result in large anaerobic 
zones, for example, rice paddies or flooded grassland. However it may also occur in imperfectly 
drained soils or within individual soil aggregates (Figure 2.5). Anywhere the redox potential of soil 
drops below about 320 mV, denitrification is likely to occur.  The factors affecting denitrification have 
been reviewed previously (Haynes and Sherlock, 1986; Firestone and Davidson, 1989; Bolan et al., 
2004; Saggar et al., 2004). 
a)  b)  c)  
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Figure 2.5:  Denitrification in (a) gley soil, (b) pan and (c) within a soil aggregate (McLaren and 
Cameron, 1996) 
 
Chemo-denitrification occurs when nitrite (NO2
-
) reacts with other soil constituents to release gaseous 
NO2, NO, N2O and/or N2. Most often this occurs on soils that have had some form of ammonia or 
ammonium applied (McLaren and Cameron, 1996). High levels of NH4
+
 in soil combined with high 
pH, tend to restrict the activity of Nitrobacter resulting in an accumulation of NO2
-
. As the NH4
+
 is 
progressively nitrified, the soil pH declines and acid conditions develop, in which NO2
- 
forms nitrous 
acid (Whitehead, 1995b). Chemo-denitrification losses mainly involve reactions of NO2
- 
or nitrous 
acid (HNO2) with organic matter, ammonia or urea (Chalk and Smith, 1983) . The total and relative 
amounts of N2 and nitrogen oxides released from acid soils through decomposition of nitrate depend 
mostly on the soil pH and physical conditions. Losses of N from chemo-denitrification have not been 
well quantified, but observations have indicated its potential importance. These losses were observed 
in soils where conditions were non-conducive to microbial denitrification or ammonia volatilisation 
but were conducive to the accumulation of nitrite e.g. after application of ammonium fertiliser or 
ammonium-forming fertilisers (Whitehead, 1995b). 
The rate at which denitrification proceeds depends mainly on the source of available carbon, pH and 
temperature (McLaren and Cameron, 1996). Sources of readily decomposable organic matter such as 
animal manure can result in large gaseous N losses if the soil becomes anaerobic, for example over the 
winter period. Denitrification is enhanced in soil with high or neutral pH, and conversely at a pH 
below 5 the rate is slow. Below a temperature of 10 
o
C, denitrification rate is slow and virtually nil 
below 2 
o
C. Denitrification losses are high in autumn because soil moisture returns to near field 
capacity and temperatures are still warm (Haynes and Williams, 1993). 
It has been well established that urine application to soil increases emissions of N2O (Sherlock and 
Goh, 1984; Yamulki et al., 1998; Di and Cameron, 2008).  N2O derived from urine is produced in both 
nitrification and denitrification processes (de Klein and van Logtestijn, 1994; Carter, 2007) and both 
the total N2O emissions and the relative contributions of nitrification and denitrification are influenced 
by proximal factors such as N-species availability, oxygen (O2), organic-C, pH, temperature and distal 
factors such as soil type, disturbance and climate (Firestone and Davidson, 1989).  A summary of N2O 
emissions from pastoral agriculture is shown in Table 2.2.  N2O emissions as a percentage of N input 
range from 0-3%.  Nitrous oxide is a potent greenhouse gas and its emission from pastoral soils is an 
environmental issue, which is discussed in Section 2.5. 
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Table 2.2:  A summary of nitrous oxide emissions from pastoral agriculture (Cameron et al., 
2013)  
N input 
(kg N ha
-1
 y
-1
) 
Soil type N source 
N2O 
emission    
(% of N 
input) 
Location Reference 
150 (3 x 50) Silt loam Urea 0.56 New Zealand Luo et al. (2007a) 
150 (3 x 50) Red brown earth Urea 0.47 Australia Galbally et al. (2005) 
120 (4 x 30) Sandy silt loam Calcium 
ammonium nitrate 
0.3 Germany Anger et al. (2003) 
435 Peat Calcium 
ammonium nitrate 
2.3 Netherlands Koops et al. (1997) 
1000 Stony silt loam Cow urine 2.2 New Zealand Di & Cameron (2003) 
1000 Stony silt loam Cow urine 1.9 New Zealand Di & Cameron (2006) 
1000 Sandy loam Cow urine 3.1 New Zealand Di & Cameron (2006) 
1000 Sandy loam Cow urine 2.0 New Zealand Di et al. (2007) 
1000 Silt loam Cow urine 0.8 New Zealand Di et al. (2007) 
1000 Silt loam Cow urine 0.6 New Zealand Di et al. (2007) 
1000 Silt loam  Cow urine 0.1 New Zealand Di et al. (2007) 
1000 Sandy loam Cow urine 2.0 New Zealand Di et al. (2010b) 
1000 Silt loam  Cow urine 1.9 New Zealand Di et al. (2010b) 
1000 Red brown earth Cow urine 0.5 Australia Galbally et al. (2005) 
700 (Spring) Poorly drained 
clay loam 
Cow urine 0.0 England Allen et al. (1996) 
700 (Autumn) Poorly drained 
clay loam 
Cow urine 1.5 England Allen et al. (1996) 
1650 Poorly drained 
clay loam 
Cattle dung 0.1 – 0.7 England Yamulki et al. (1998) 
1000 Clay Synthetic urine 1.9 New Zealand Clough et al. (1998) 
1000 Peat Synthetic urine 1.9 New Zealand  Clough et al. (1998) 
1000 Sandy loam Synthetic urine 0.8 New Zealand Clough et al. (1998) 
1000 Silt loam Synthetic urine 1.0 New Zealand  Clough et al. (1998) 
 
Typical N2 emissions rates are less commonly reported in the literature.  This is mostly due to the 
difficulty of measuring an appreciable N2 signal against the high atmospheric background (78% N2). 
15
N isotopic labelling is a robust method with which to measure N2 emissions from applied N, 
providing the isotopic signal is sufficiently high (Stevens and Laughlin, 2001).  Monaghan and 
Barraclough (1993) measured 30-65% of urine N applied emitted as N2 whereas Clough et al., (1998) 
reported N2 emissions of 0.3-2.0% from the urine N applied. There is a clear need to improve the 
methods of N2 measurement, and to better quantify the amount of N2 emitted from grazed pastures. 
Information of the quantity of N2 emitted from pastoral soils will help to improve N use efficiency, 
improve the understanding of N balance and cycling, and improve the modelling of N processes. 
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2.3 Grazed pasture systems 
2.3.1 Nitrogen in grazed pasture systems 
2.3.1.1 Nitrogen inputs and outputs 
Nitrogen in grazed pastures may come from applied fertilisers, purchased feed, atmospheric 
deposition, and biological N fixation (Table 2.3) (Ledgard et al., 1999).  These inputs are the main 
drivers for potential N surplus (Figure 2.6), and often exceed the N removal by plant uptake and 
immobilisation.  The global distribution of atmospheric N deposition varies widely, and is 
concentrated in parts of North America, Europe and Asia where NOy and NHx emissions are 
associated with large-scale industry (Galloway et al., 2008).  In countries such as Ireland and New 
Zealand, the amount of N in atmospheric deposition is small compared with other N sources deposited 
annually (Mosier, 2001).  White clover (Trifolium repens L.) is the most widely-sown legume in 
grazed pastures and fixes atmospheric N2 in a symbiotic association with Rhizobium bacteria, 
providing a supply of N to other pasture grasses such as perennial ryegrass (Lolium perenne L.).  The 
average quantity of N fixed by legumes in a grazed permanent clover/grass pasture in temperate 
regions is 80-100 kg N ha
-1
 year
-1
 (range 10-300 kg N ha
-1
 year
-1
) (Ledgard et al., 2001).  N fixation 
decreases as mineral N concentrations increase, thus legume associations in pastures provide a 
significant input in low N systems and a correspondingly low input in high N systems (Table 2.3).  
Table 2.3:  N inputs and outputs from intensive dairy farm systems in NZ receiving N fertiliser 
at nil or 410 kg ha
-1
 year
-1
 and data from a range of farm systems in western 
Europe (Ledgard et al., 2009) 
 New Zealand EU farms 
(range)  0N 410N 
N inputs (kg ha
-1
 year
-1
)    
    N2 fixation + atmospheric deposition 170 (90-220) 50 (25-135) 6-133 
    Fertiliser N 0 410 0-262 
    Manure N (imported) 0 0 0-22 
    Purchased feed 0 41 6-489 
N Outputs (kg ha
-1
 year
-1
)    
    Milk + meat 78 (68-83) 114 (90-135) 20-127 
    Transfer of excreta to lanes/sheds 53 (41-63) 77 (72-91)  
    Denitrification 5 (3-8) 25 (13-34) 10-41 
    Ammonia volatilisation 15 (15-17) 68 (47-78) 18-81 
    Leaching 30 (12-74) 130 (109-147) 16-63 
    Immobilisation of fertiliser N  70 (60-84)  
N balance (kg ha
-1
 year
-1
) -11 (-74 to +47) 7 (-11 to +24)  
Farm N surplus (kg ha
-1
 year
-1
) 92 387 70-463 
N use efficiency (product-N/input-N) 0.46 0.23 0.22 to 0.36 
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Figure 2.6: Nitrate-N leaching from grazed pasture systems as affected by total N input from 
fertilisers and/or clover N2 fixation.  Data are a summary of studies from NZ, 
France, UK and Denmark (Ledgard et al., 2009) 
2.3.1.2 Mineral fertiliser 
Strategic N fertiliser applications to pasture may be used to improve the match between seasonal feed 
supply and animal energy requirements.  For example, on a dairy farm N fertiliser use may increase 
pasture production, and therefore pasture feed, in periods of high feed demand (e.g. early lactation in 
spring) or grass silage in periods of low pasture growth (e.g. winter) (O'Donovan et al., 2004).  Annual 
N fertiliser applications in grazed pasture systems are usually less than 200 kg N ha
-1
 year
-1
 (Jarvis et 
al., 1995), but may be up to 400 kg N ha
-1
 year
-1
 (Di and Cameron, 2002b), and are typically applied in 
split applications of 20-50 kg N ha
-1
 during spring, summer and autumn.  Commonly applied mineral 
N fertilisers include urea (containing 46% N), calcium ammonium nitrate (CAN; 21-26% N), di-
ammonium phosphate (DAP; 18-21% N) and ammonium sulphate (21% N) (McLaren and Cameron, 
1996). 
In a study of 21 intensive dairy farms in the south west of Ireland, Humphreys et al. (2006) found that 
N fertiliser was the largest N input, accounting for 80% of total N applied to the farms despite an 
overall decrease in individual annual N fertiliser use from 266 to 223 kg N ha
-1
 year
-1
. Clover fixation 
and atmospheric deposition were shown to account for less than 10% of annual N inputs to dairy farms 
in the United Kingdom (Jarvis, 1993).  
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2.3.1.3 Animal excreta 
2.3.1.3.1 Slurry and effluent 
The retention of N by animals is within the range 5-20%, with the remainder excreted.  Some of this 
excreted N may be captured and the nutrients recycled as dairy shed effluent and ‘dirty’ water, slurries 
and sludge.  The term for, as well as the form and constituents of, effluent, vary between countries and 
between farm systems due to differences in management including capture, separation, storage and 
spreading.  In New Zealand, dairy shed effluent (DSE) is a combination of shed wash-down water, 
faeces and urine, containing a dry matter (DM) content and N concentrations of up to 5 % DM 
(average 0.9%) and 140-670 mg N L
-1
, respectively (Longhurst et al., 2000; Di and Cameron, 2002b; 
Saggar et al., 2004).  Sludges from anaerobic ponds may contain up to 1700 mg N L
-1
 (Longhurst et 
al., 2000).  Similarly to DSE in New Zealand, slurry in Ireland is a combination of faeces, urine and 
wash-down water.  The main difference is that slurry is stored for up to four months before land 
spreading (Section 2.7.2).  Land application of effluent and slurry is normally carried out during spring 
and summer at a rate of ~30 m
3
 ha
-1
.  Typical slurry DM and N contents are 4-10% DM and 0.3-0.6% 
N, although these values will vary widely between animal species and storage time (Whitehead, 
1995d). The amount of N returned to pasture in slurry is potentially up to 100 kg N ha
-1
, however 
substantial NH3 loss during storage and land spreading can reduce the N content, and therefore the 
amount of N returned to pasture, by over 50% (Whitehead, 1995k). 
2.3.1.3.2 Dung and urine 
Of the N ingested by the animal 10-30% is converted into animal products (meat and milk) and 60-
90% of ingested N is returned to the soil/pasture system as urine and dung (Haynes and Williams, 
1993; Jarvis et al., 1995; Di and Cameron, 2002b).  The average N content of faeces is 2.0 to 2.8% on 
a dry matter basis (Haynes and Williams, 1993).  Approximately 20-25% of faecal N is water-soluble 
with the remainder of slowly-available N present mainly as amino sugars, the major constituents of 
bacterial cell walls.  The amount of N excreted in faeces by dairy cows was reported to be 132 g N 
cow
-1
 day
-1
 on average, irrespective of an increase in feed N from 450 to 775 g cow
-1
 day
-1
 (Lantinga et 
al., 1987).  As the feed N content was increased from 1 to 5%, Barrow and Lambourne (1962) showed 
that the N excreted in the dung of sheep remained constant (Figure 2.8).  On average cattle and sheep 
defecate 11-16 and 7-26 times each day, respectively, with individual defecations weighing between 
1.5-2.7 kg and 0.03-0.17 kg, respectively (Haynes and Williams, 1993). An individual defecation 
contains 3.5-5.0% N (Petersen et al., 1998), and returns between 500 and 2000 kg N ha
-1
 (Lantinga et 
al., 1987; Oenema et al., 1997). Despite the patchy distribution of dung, most of the N is slowly-
available, thus dung N is more likely to be utilised by plants or immobilised, than lost into the 
environment.  
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The majority of the N returned to pasture by the grazing animal is in the urine (Plate 2.1).  In a good 
pasture with 4% N content, 70-80% of excreta N is returned in the urine (Haynes and Williams, 1993). 
The N loading rate under a urine patch of a dairy cow is within the range 400-1200 kg N ha
-1
 (Jarvis 
and Pain, 1990) compared to about 300-500 kg N ha
-1
 for a sheep (Haynes and Williams, 1993; Silva 
et al., 1999).  Urine deposition results in ‘hot spots’ of high N loading rate compared to the 
surrounding pasture and soil.  Nitrogen in the urine patch is discussed in Section 2.4. 
 
Plate 2.1:  The nitrogen loading rate under a dairy cow urine patch within the range 400-1200 
kg N ha
-1
 (Photo courtesy of A. Judge). 
Increasing the animal stocking rate results in increasing N inputs.  Table 2.4 shows that in a dairy cow 
grazing system, increasing the fertiliser N addition from 251 to 545 kg N ha
-1
, increased the dietary N 
content from 3.3. to 4.1%, which in turn increased the urine N return by 140 kg N ha
-1
 and the dung N 
return by 18 kg N ha
-1.  The ‘patchy’ distribution of urine patches means that this annual N return is 
not evenly distributed (Plate 2.2). These localised N hotspots exceed the pasture demand for N, 
particularly when growth has ceased, and thus the extra N is available for transfer or loss in other 
pathways of the N cycle.   
Table 2.4:  Annual excretal returns from grazing animals (Jarvis et al., 1995) 
Grazing system 
Fertiliser N 
addition 
(kg N ha
-1
) 
Dietary N 
(% dry matter) 
Excreta returns 
(kg N ha
-1
) 
Dung Urine 
Dairy cows 251 3.3 86 214 
 545 4.1 104 354 
Beef steers 0 2.8 58 74 
 210 3.1 62 93 
 420 3.7 84 237 
Sheep 0 - 65 173 
 420 - 75 321 
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2.4 Nitrogen in the urine patch 
2.4.1 The urine patch 
Ruminant animals cattle, sheep and deer urinate on average 8-12 times each day (Haynes and 
Williams, 1993).  Each time an animal urinates, the area on the ground where the urine is deposited is 
described as the ‘urine patch’.  The area affected by urine may be observed in the field as green 
patches of increased pasture growth (Plate 2.2).   
 
Plate 2.2:  Animal urine patches in a grazed pasture 
A urine patch may be defined as the surface area of soil which is wet (‘wetted’ area) or affected 
(‘effective’ area) by urine excreted by an animal in a single event.  The wetted area may receive up to 
5 mm equivalent of rainfall over a 0.2-0.4 m
2
 area (Jarvis et al., 1995).  The irregular pattern of urine 
distribution is shown for simulated sheep and cattle urine patches in Figure 2.7 (Williams and Haynes, 
1994). The maximum depth reached by the urine wetting front was 150 and 400 mm for sheep and 
cattle patches respectively, and varies with soil texture and moisture content. Monaghan et al. (1999) 
showed that 68% of urine solution moved below 200 mm within 6 hours of application. The effective 
area of a urine patch varies widely, from 0.03-1.2 m
2
 (Lotero et al., 1966), and is on average 0.4 m
2
 for 
a dairy cow (Moir et al., 2011).  Lotero et al., (1966) showed that pasture dry matter production 
decreased linearly from the centre of a urine patch to the periphery, which indicates that urinary N in 
the soil diffuses outwards from the centre in an N concentration gradient.  
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Figure 2.7:  Distribution of urine through the soil profile under sheep and cattle urine patches 
(Williams and Haynes, 1994) 
2.4.2 Urinary constituents 
The total N content of urine varies from 2-20 g N L
-1
 for cattle and 5-15 g N L
-1
 for sheep and goats 
(Table 2.5).  The literature average total N content for cattle is 8.4 g N L
-1
 and 8.3 g N L
-1
 for sheep.  
The factors affecting urinary N content are described in Section 2.4.3. Table 2.6 shows some of the 
forms of N present in animal urine.  Urea-N content in urine is usually 50-90% of total N (Bristow et 
al., 1992; Haynes and Williams, 1993; Petersen et al., 1998). 
Table 2.5:  Total N concentration in the urine of ruminant animals grazing grass-based diets 
Species 
Total N 
concentration 
(g N L
-1
) 
Study 
Cattle (dairy) 8.6 Whitehead & Bristow (1990) 
Cattle (beef) 3.9-9.4 Betteridge et al., (1986) 
Cattle (dairy & beef) 8-10 (range 2-20) Whitehead (1995d) 
Cattle (dairy) 8.5 Misselbrook et al., (2005) 
Cattle (dairy) 6.8-21.6 Bristow et al., (1992) 
Cattle (beef) 4.4 (range 0.9-13.2) Hoogendorn et al., (2010) 
Cattle (dairy) 6.9 Menneer et al., (2008a) 
Cattle (dairy) 9.0 Petersen et al., (1998) 
Sheep 7.9 (range 1.4-17.8) Hoogendorn et al., (2010) 
Sheep 2.5-8.3 Doak (1952) 
Sheep 9.8 Bronson et al., (1999) 
Sheep 3.0-13.7 Bristow et al., (1992) 
Sheep and goats 5-15 Sherlock & Goh, (1984) 
Goat 12.0-16.9 Bristow et al., (1992) 
Deer 4.1 (range 0.5-16.6) Hoogendorn et al., (2010) 
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Other nitrogenous constituents include hippuric acid, allantoin, uric acid, xanthine, hypoxanthine, 
creatinine, creatine, free amino acids and ammonia, which make up around 20-30% of the total urine 
N (Bristow et al., 1992).  Although they are minor constituents, and rarely quantified for animal urine 
in the literature, some play a key role in the N transformations in the urine patch.  Hippuric acid, 
which is a conjugate compound of glycine and benzoic acid, is generally 4-7% of the total urine N 
(Lantinga et al., 1987).  Hippuric acid (and benzoic acid) have been found to reduce N2O emissions in 
urine patches (Kool et al., 2006; Bertram et al., 2009).  The fate of minor constituents is likely to be 
similar to that of urea, but with some delay, presumably due to a longer decomposition process.   
Table 2.6: Concentrations of some nitrogenous constituents of cattle and sheep urine. Adapted 
from Bristow et al., (1992) 
Urine constituent 
Cattle 
(g compound L
-1
) 
Sheep 
(g compound L
-1
) 
Urea 16.21 15.29 
Hippuric acid 7.18 5.24 
Allantoin 2.04 1.08 
Uric acid 0.36 0.06 
Xanthine/hypoxanthine 0.12 0.19 
Creatinine 0.98 0.12 
Creatine 0.80 1.48 
Free amino acids 0.78 0.06 
Ammonia 0.37 0.01 
 
Because urine is made up of a high proportion of urea, and urea contains 20% carbon (C), the urea-C 
content of urine may be up to 5 g N L
-1
.  The total C concentration in cattle urine was reported to be 
7.5 g C L
-1
; the majority of which was derived from hippuric acid and urea (Lambie, 2012).  
Wachendorf and Joergensen (2011) reported urine containing 6.8% C and a C:N ratio of 1.8.   
2.4.3 Factors affecting urinary nitrogen content 
The primary factor affecting the proportion and amount of N returned in animal urine is the N content 
of the feed.  As the feed N content increases, the amount of N excreted increases (Yan et al., 2007). 
While the faecal N excretion remains relatively constant, the proportion of N excreted in the urine 
increases (Figure 2.8) (Barrow and Lambourne, 1962).  Mulligan et al. (2004) showed a similar trend, 
except where urine N excretion increased at a diminishing rate and faecal N excretion increased at an 
accelerating rate.  The N content of a pasture producing 10-12 t DM ha
-1
 year
-1
 is approximately 4% 
which is high compared to the typical N concentrations of concentrate supplements (1-3%) 
(Misselbrook et al., 2005; Burke et al., 2008).  van Vuuren and Meijs (1987) showed that crude 
protein (CP) in herbage was 20, 26, 29 and 33% where fertiliser N was applied at 0, 250, 400 and 700 
kg N ha
-1
, respectively.  Recent studies have highlighted the variation in urine N concentration 
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between species, animals, days and individual urination events (Betteridge et al., 1986; Hoogendoorn 
et al., 2010). 
 
Figure 2.8:  Effect of dietary N concentration on the excretion of N by sheep. Total excretion 
(faeces plus urine) and excretion in faeces alone are shown (Barrow and 
Lambourne, 1962). 
As the urinary N content increases, so too does the proportion of N present as urea (Figure 2.9) 
(Petersen et al., 1998).  The proportion of total N in urine present as urea ranges from as low as 25% 
in a sheep diet with low protein, to 90% for cows grazing heavily fertilised, high N content grass 
(Jarvis et al., 1995).  Similarly Bristow et al. (1992) reported urea concentrations in the range 2.8-19.2 
g L
-1
, which was 56-93% of total urinary N. 
 
42 
 
Figure 2.9: Concentrations of urinary N and the percentage of urea-N in the urine of dairy cows 
grazing a white-clover ryegrass mix and a high N (304 g cow
-1
 day
-1
) or low N 
(139 g cow
-1
 day
-1
) diet fed as concentrates (Petersen et al., 1998) 
 
Water intake has been shown to reduce the urine N content through an apparent ‘dilution’ effect 
(Paquay et al., 1970b).  Urinary N content is also related to the nutrition of the ruminant animal 
including factors such as C:N ratio of feed and the rumen function and status (van Vuuren et al., 1993; 
Verite and Delaby, 2000). The processes and reactions of N nutrition in the rumen are complex 
(Oenema et al., 2001).  Manipulation of the animal diet is currently being researched as a mitigation 
method to reduce N excretion and subsequent environmental losses and is discussed in Section 2.6.1.   
2.4.4 Urine nitrogen loading rate 
The loading rate of N in a urine patch is a function of the concentration of N in the urine, the volume 
of urine excreted and the surface area (‘wetted’) which the urine covers (Equation 2.6).   
            (        )       (      )    
    ( )
             (  )
      
Equation 2.6:  Calculation for the N loading rate in a urine patch 
The average range in urine N concentration, volume and surface area of dairy cattle and sheep urine 
patches, was summarised by Haynes and Williams (1993), and is shown in Table 2.7.  Using Equation 
2.6, the average urine N rate is, therefore, 1000 and 500 kg N ha
-1
 for cattle and sheep urine patches, 
respectively.  This is within the 200-1200 kg N ha
-1
 range reported in the literature (Jarvis et al., 1995; 
Oenema et al., 1997; Ledgard et al., 2011).  A change in the urine N concentration, volume or surface 
area has a significant effect on the N loading rate.  For example, if the area affected by urine was 0.5 
m
2
 for dairy cattle, and this value was substituted into Equation 2.6, the N loading is spread over a 
larger area, producing an N loading rate of 400 kg N ha
-1
. The N loading rate in the urine patch 
generally follows the order for animal type from highest to lowest: dairy cattle > beef cattle > sheep.  
Table 2.7: Characteristics for average dairy cattle and sheep urine patches (Haynes and 
Williams, 1993; Whitehead, 1995b) 
Urine patch Cattle Sheep 
 Average Range Average Range 
Urine N concentration (g N L
-1
) 10 2-20 10 5-15 
Urination volume (L) 2 1.6-2.2 0.15 0.10-0.18 
Surface area wet (m
2
) 0.2 0.16-0.49 0.03 0.03-0.05 
Urine N loading rate (kg N ha
-1
) 1000  500  
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Using literature-reported values for an average cow urine patch and Equation 2.6, a simple sensitivity 
analysis shows that: 
1. The range in urine N concentration (2-20 g N L-1) resulted in a urine N loading rate range of 
200-2000 kg N ha
-1
.   
2. The range in urine patch surface area (0.16-0.49 m2) resulted in a urine N loading rate range of  
1250-400 kg N ha
-1
. 
3. The range in urine volume (1.6-2.2 L) resulted in a urine N loading rate range of 800-1100 kg 
N ha
-1
.  
Therefore, for an individual urine patch, the main factor influencing the N loading rate is the 
concentration of N excreted in the urine. 
2.4.5 Urine patch nitrogen dynamics 
The addition of urine to soil causes some significant changes to soil conditions of pH, moisture, N and 
C concentrations, which in turn influence soil N transformation rates.  In the soil beneath the urine 
patch, there is a high concentration of N, mostly in urea form (Section 2.4.3).  The urea hydrolysis 
process is rapid with 80-90% of urea being hydrolysed within 48 hours (Section 2.2.2).  During the 
conversion from urea to NH4HCO3, hydroxide ions (OH
-
) are produced, which causes an elevation in  
soil pH, and may be up to 8 in the first 5 days after urine deposition (Figure 2.10).  Under these high 
pH conditions, the equilibrium between NH4
+
 and NH3 shifts in favour of NH3, and losses from 
volatilisation and denitrification are likely.  Relatively little is known about the effect of pH on the fate 
of urine N, except on individual processes such as volatilisation and N2O emissions.   
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Figure 2.10:  Mean daily pH at four soil depth increments in a urine patch over a 2-week period 
(Haynes and Williams, 1993) 
Because urea hydrolysis is usually rapid, the resulting concentration of NH4
+
 in the urine-affected soil 
may be high. The accumulated NH4
+
 is nitrified via NO2
-
 to NO3
-
 usually within a few weeks of urine 
being applied to soil (Whitehead and Bristow, 1990), although longer periods have been reported (Ball 
et al., 1979; Sherlock and Goh, 1984).  Figure 2.11 shows the trends in urea, NH4
+
 and NO3
-
 
concentrations in urine-affected soil, which are well supported in the literature (Whitehead and 
Bristow, 1990; Haynes and Williams, 1992). Typically, the high N substrate availability and soil 
aeration promotes nitrification. However the rate of nitrification may be slowed by the rapid increase 
in pH and high concentration of NH4
+
, leading to inhibition of activity of NO2
-
 oxidising bacteria 
(Monaghan and Barraclough, 1992; Smith et al., 1997). NO2
-
 oxidisers Nitrobacter are more sensitive 
to elevated NH3 than NH4
+
 oxidising Nitrosomonas (Smith et al., 1997), therefore NO2
-
 accumulates 
where large amounts of urine N are applied.  Clough et al. (2003) showed that nitrification in 
incubated soil was inhibited by urine N applied at 1000 kg N ha
-1
, but not at 500, 250 or 100 kg N ha
-1
.     
 
Figure 2.11:  Concentrations of urea, ammonium and nitrate in the soil profile below sheep and 
cattle urine patches following urine application (Williams and Haynes, 1994) 
2.4.6 Fate of urine nitrogen 
The effects of urine on the various N cycle pathways have been reported by others, for example 
denitrification/nitrous oxide emissions (Monaghan and Barraclough, 1993; de Klein and van 
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Logtestijn, 1994; Anger et al., 2003; Di and Cameron, 2008), ammonia volatilisation (Sherlock and 
Goh, 1984; Ryden et al., 1987; Jarvis and Pain, 1990), pasture uptake (Ledgard et al., 1982; Williams 
and Haynes, 2000), and leaching (Decau et al., 2004; Di and Cameron, 2007; Ledgard et al., 2011).  
The fate of N in a urine patch can be determined by measuring N recovered in pasture, drainage water, 
gaseous emissions or remaining in the soil.  Measurements of the fate of a N input have been reported 
widely in the literature and the methods improved from simple mass balance calculations (Legg and 
Meisinger, 1982) to detailed 
15
N balance methods (Clough et al., 1998). Legg and Meisinger (1982) 
provide an explanation of N balance methods and their advantages and disadvantages.  Table 2.8 
shows that the average percentage 
15
N recovery from a urine patch from four studies was 3, 43, 25, 
and 11%, for gaseous emissions, pasture, soil and drainage water, respectively.  The average 
unrecovered or ‘missing’ N from the four detailed 15N balance studies was 18% of applied N, which 
has decreased over time due to improvements in methodology (Clough et al., 2001a).  
Table 2.8: Summary of four urine patch 
15
N balance studies (data is percentage recovery of 
15
N 
applied in urine where total recovery equals 100%) 
 
Clough et al.,  
(1998)
1
 
Fraser et al.,  
(1994) 
Decau et al.,  
(2003)
2
 
Di et al.,  
(2002) 
AVERAGE 
Urine N rate  
(kg N ha
-1
) 
1000 500 520 1000 755 
Gaseous emissions 4
3
 n.m. n.m. 2
3
 3 
Pasture 26
4
 44 44 58
4
 43 
Soil 23 20
3
 29 28 25 
Drainage water 21 8 9 7 11 
Unrecovered N 26 28 17 5 18 
 
1
average of four soils; 
2
average of three soils; n.m. not measured; 
3
NH3 only; 
3
NH3 and N2O only; 
4
includes 
roots and stubble 
2.4.6.1 Nitrate leaching 
The relationship between total N input and nitrate-N leaching at the field scale was reported to be 
exponential between 0 and 900 kg N ha
-1
 (Barraclough et al., 1992), and curvilinear between 0 and 
500 kg N ha
-1
 (Ledgard et al., 2009).  These studies consisted of multiple mineral fertiliser 
applications throughout the year.  Di and Cameron (2007) determined a curvilinear relationship 
between urine N loading rate and the amount of nitrate-N leached over the range 0-1000 kg N ha
-1
 as a 
autumn urine application at the urine patch level (Figure 2.12).  The authors attributed the reason for 
this trend being a greater N uptake efficiency at lower urine N rates, which was also suggested by 
Moir et al. (2012a).  Di and Cameron (2000) also found that a quadratic function which best described 
the relationship between ‘potentially leachable N’ in soil and mineral N leaching loss. 
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Figure 2.12: Relationships between urine application rate and total nitrate-N leaching loss with 
and without DCD nitrification inhibitor (Di and Cameron, 2007) 
 
2.4.6.2 Nitrous oxide emissions 
Emissions of N2O following urine application to soil were reviewed by de Klein et al. (2001) for 
agricultural soils in New Zealand, and produced a general range of 0.1-4% of N applied from a range 
of studies using different N loading rates.  The relationship between combined N inputs of fertiliser, 
urine and dung (range 0-500 kg N ha
-1
) and annual cumulative N2O emissions was found to be 
exponential for eight sites across Ireland (Rafique et al., 2011).  A lab study using urine application 
rates of 0 to 300 kg N ha
-1
 reported an exponential relationship with total N2O emissions from three 
soils (Cardenas et al., 2010), however, these N rates are at the lower end of the range in cattle urine 
patches.  There was no effect of urine concentration (with equal volume) on N2O emissions from urine 
rates 0-750 kg N ha
-1
 applied in a field study (van Groenigen et al., 2005b).  Few studies have 
measured N2O emissions from a range of N application rates which exceed 300 kg N ha
-1
, however 
Velthof et al. (1997) found both exponential and linear responses of total N2O emissions to 0-300 and 
0-880 kg N ha
-1
 rates of mineral N fertiliser in a field study (Figure 2.13).  The emission factor for 
N2O increased with increasing fertiliser N rate (0-300 kg N ha
-1
) applied in a single dressing (Figure 
2.13a).  However this was not the case for split applications of N fertiliser (0-880 kg N ha
-1
), where the 
emission factor remained ~0.5% of N applied (Figure 2.13b).  Ryden (1983) showed that increasing 
the fertiliser N rate results in an increase in the N2O emission factor.  Velthof et al., (1997) suggested 
that an apparently linear relationship between N rate and N2O emissions may result where there is a 
large capacity for uptake and immobilisation.  These findings are not conclusive, and particularly for 
urine N rates, require further testing. 
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Figure 2.13:  The relationship between total N application rate and total N2O emission from 
grassland, A = single spring CAN application, B = split CAN application.  
Percentage of applied fertiliser N emitted as N2O presented above bars (Velthof 
et al., 1997) 
2.4.6.3 Plant uptake 
Pasture uptake responses to N fertiliser have been extensively researched in the literature and have 
consistently shown a curvilinear relationship (Whitehead, 1995h, f, g, c, 2000b). These observed 
responses provide field evidence for the theoretical relationship between plant N content and 
maximum growth (Section 2.2.3).  Pasture N uptake and dry matter yield responses to urine N rate are 
less common in the literature.  Di and Cameron (2007) reported a linear relationship between pasture 
dry matter yield and the urine N loading rates 0, 300, 700 and 1000 kg N ha
-1
 (Figure 2.14), which 
corresponded to cumulative pasture N uptake of 133, 361, 451 and 632 kg N ha
-1
, respectively. 
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Figure 2.14:  Pasture dry matter yields as affected by urine N application rate and DCD 
nitrification inhibitor (Di and Cameron, 2007) 
It is important to note that the majority of research trials which determined N rate effects on uptake or 
losses, used mineral fertiliser N, usually in split applications.  This may have produced quite different 
results to those in trials where urine N rates are applied in a single application.  Additionally, the 
relationship between N input and N recovered in individual pathways is often reported, but rarely are 
multiple pathways (e.g. uptake, emissions) quantified from the same treatments (Di and Cameron, 
2007).  One of the advantages of reporting N recovery in multiple pathways from multiple N rates, 
using a mass balance approach, is that an increase in one pathway may correspond to a decrease in 
another, and these effects are able to be captured (Legg and Meisinger, 1982).  Despite urine patches 
being identified as the major source of N loss in grazed pasture systems, there has been surprisingly 
little reported on the effect of varying urine N loading rate on the fate of N in multiple pathways, and 
therefore it is an area which requires further research.  
A urine patch differs to fertiliser application because: (1) urine N is returned in a single, high N 
application load, compared with what is usually split fertiliser N applications throughout a year, (2) 
urine is in liquid form compared to solid/granular fertiliser form, and (3) urine contains other 
constituents (Section 2.4.2) which synthetic N fertilisers do not.  Therefore, the results of studies using 
varying fertiliser N rates should be compared with caution to studies using varying urine N rates. 
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2.5 Environmental and economic issues 
Nitrogen may be divided into two classes: (1) unreactive nitrogen (N2) which makes up 78% of the 
atmosphere, and (2) reactive nitrogen which includes all other N forms, N oxides (NOx), N2O, NH3, 
NH4
+
 and NO3
-
.  In 1908 the shortage of reactive N for food production was averted by the invention 
of the Haber-Bosch process as a cheap means to produce NH3 from N2 at an industrial scale.  Within a 
century rates of manufactured N were more than double the global rates of biological N fixation, and 
without it over half of the world’s population would not be alive (Sutton et al., 2011).  However the 
mass production of reactive N fuelled the production of explosives for armed conflicts and encouraged 
the burning of fossil fuels returning reactive N back to the atmosphere.  About half of the agricultural 
N input in Europe ends up as pollution or returns to the atmosphere as N2. This corresponds to an 
economic loss of potential benefit to farmers of €13-65 billion per year (Sutton et al., 2011). Loss of N 
from agricultural systems not only represents an economic loss of N, but also is a threat to the wider 
environment (Gruber and Galloway, 2008).  The effects of NOx and NH3 gases on human health and 
ecosystems account for 75% of the total cost of the damage from reactive N emissions (Sutton et al., 
2011).   
Nitrate in drinking water has been linked to health problems at high concentrations (World Health 
Organisation, 1984) such as methaemoglobinaemia or ‘blue baby syndrome’ in infants less than 1 year 
of age (Addiscott, 1996). Stomach cancer, childhood diabetes and other secondary medical problems 
have also been linked to nitrate in drinking water, although findings are inconclusive (Addiscott, 1996; 
Golden and Leifert, 1999; McKinney et al., 1999).  As a consequence of the links made between 
nitrate in drinking water and medical problems, and considerable media attention, world and national 
organisations have created guidelines for drinking water quality. The World Health Organisation 
(World Health Organisation, 1984) established a drinking water standard limiting NO3
-
-N 
concentration to 10-11.3 mg NO3
-
-N L
-1
.  
Nitrate-N transported into surface water bodies such as lakes and rivers and estuaries may result in 
algal blooms and eutrophication. Nitrogen and phosphorus are considered the most important nutrients 
in stimulating eutrophication because they are usually the most limiting (Keeney, 1973). For receiving 
waters, the problem arises when the algae dies, and decomposing bacteria use oxygen, thus depriving 
fish and other organisms, which may die (Addiscott, 1996). In the past, point source pollution was the 
main concern in New Zealand, due to the routine discharge of municipal, industrial and agricultural 
waste directly into waterways, whereas more recently the importance of diffuse pollution has been 
recognised.  Approximately 80% of European fresh waters exceed a 1.5 mg L
-1
 threshold for high risk 
to biodiversity (Sutton et al., 2011).  Agriculture in Ireland was estimated to be the source of 82% of 
nitrogen present in Irish inland surface waters (Toner et al., 2005).  
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The atmospheric emission of N2O also represents an environmental issue by contributing to climate 
change and ozone depletion.  Nitrous oxide is a potent greenhouse gas with a long term global 
warming potential (100 years) around 310 times greater than that of carbon dioxide. The global 
concentration of N2O has increased from 270 ppb in the pre-industrial era to around 320 ppb currently 
(IPCC, 2007).  It is an important greenhouse gas not only because of its heat-absorbing capacity, but 
as the major source of ozone-depleting nitric oxide (NO) (Toner et al., 2005) and nitrogen dioxide 
(NO2). Currently around one third of global N2O emissions are classed as originating from 
‘anthropogenic’ sources (IPCC, 2007), which are mostly attributed to nitrification and denitrification 
from agricultural soils. In Ireland, the largest contributor (by sector) to N2O emissions is agriculture 
(Figure 2.15), with total annual emissions consistently greater than 20 Gg since 1990.  Together with 
dung, urine-derived N2O from animal grazing systems represents 10% of the global greenhouse gas 
budget (Oenema et al., 1997).  The IPCC default emission factor is 2% for urine and dung deposited to 
grassland (IPCC, 2007).  There is therefore an urgent imperative for research work to find ways to 
mitigate N losses from soil into water and/or the atmosphere. 
 
Figure 2.15:  Nitrous oxide emissions by sector in Ireland 1990-2005 (Environmental Protection 
Agency, 2005).  
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2.6 Mitigation options 
Strategies for the reduction of N loss from grazed pasture systems have been reviewed by Monaghan 
(2008), Misselbrook et al. (2013), Saggar (2010), Stark and Richards (2008), and Di and Cameron 
(2002b).  Two mitigation options, with slightly different approaches are: (1) dietary manipulation of 
grazing animals to reduce the amount of N excreted (focus on N source), and (2) the application of the 
nitrification inhibitors such as dicyandiamide (DCD), to reduce N loss from the urine patch (focus on 
transport).   
2.6.1 Dietary manipulation 
Dietary manipulation as a potential N mitigation strategy has been reviewed by Misselbrook et al. 
(2013) and Tamminga (1996).  The amount of N excreted in the urine increases as the N intake of the 
animal increases (Section 2.4.3), which then results in a range of N loading rates in the urine patch 
(Section 2.4.4).  A potential mitigation method for urine patch N loss, is the manipulation of animal 
diet to reduce the amount of N excreted in the urine.  To improve N utilisation by the animal, grass in 
the diet may be partially replaced by a low N (high C) roughage or high energy (high carbohydrate) 
concentrate feed. The aim of these measures is to balance the available N and carbohydrates for rumen 
microbes, without adversely affecting dry matter intake (Tas, 2006).  Table 2.9 shows some of the 
research experiments reporting dietary manipulation effects on urinary N excretion, from which the 
average reduction was 22% (range 0-45%).   
Dietary manipulation to reduce N loss from the urine patch may be split in to the following aims: 
1. To reduce the total amount of N excreted in urine and dung by reducing N intake in the diet.  
Result: A decrease in the urine N concentration and amount of N in the urine patch. 
2. To reduce the amount of N excreted in urine by increasing the efficiency of N utilisation.  For 
example an increase in the amount of N in animal products relative to N excretion, or an 
increase in the ratio of N excreted in dung relative to urine.  Result: A reduction in the short-
term N loss potential (higher from urine N than dung N). 
3. To reduce N losses by manipulating factors other than amount of N excreted in urine.  Result: 
Dilution of urine, higher/larger volume/distribution in urine patch, inhibit urine patch N 
transformations.  
A range of studies have reported a reduction in urinary N excretion where the dietary crude protein is 
decreased (Table 2.9) (van Vuuren et al., 1993; Astigarraga et al., 2002; Mulligan et al., 2004; 
Misselbrook et al., 2005).  This is usually achieved by replacing pasture in the diet with lower N 
supplements, such as grass silage, maize silage or concentrate mixes (Tamminga, 1996).  Vuuren and 
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Meijs (1987) reported that a cattle diet of fresh herbage replaced with a mixture of fresh herbage and 
maize silage (thereby reducing N intake from 626 to 494 g N cow
-1
 day
-1
), reduced the N excretion in 
the urine from 631 to 198 g N cow
-1
 day
-1
, without affecting milk production.  The idea behind this 
function is that fresh herbage is rapidly degraded in the ruminant fore-stomachs.  Other feeds replace 
fresh herbage, and are either converted to microbial protein in the rumen, or transported to the small 
intestine where they are directly utilised by the cow (Petersen et al., 1998).  Supplementing animals 
with condensed tannins (Misselbrook et al., 2005), and grazing high sugar grasses (HSG) have also 
been proven successful in reducing urinary N excretion (Miller et al., 2001; Moorby et al., 2006).  The 
reduction of feed crude protein content fits into aims (1) and (2) above, where the aim of the dietary 
manipulation is to decrease the amount of urine N excreted.  Typically, where Aim 1 is achieved by a 
reduction in urinary N excretion, Aim 2 follows, by way of increased N recovery in products 
(meat/milk) and/or in dung. 
Another dietary manipulation option (Aim 3 above) is the supplementation of animals with salt, which 
has been shown to increase water intake, and the volume of urine excreted (Paquay et al., 1970b; 
Bannink et al., 1999), in an apparent dilution effect.  Reports in the literature are variable.  In one 
study, molasses was added to the drinking water of grazing yearling cattle to produce a 2% solution 
fed ad libitum.  The water intake increased from 22 to 58 L animal
-1
 day
-1
 which corresponded to a 
reduction in urine N concentration from 8.7 to 3.7 g N L
-1
.  The authors however, found that this effect 
was not consistent when tested with milking dairy cows.  Elsewhere, relationships between water 
intake and urinary N were found in dry (Paquay et al., 1970a) and lactating (Paquay et al., 1970b) 
dairy cows.  Goodall and Kay (1968) noted a reduction in urinary N losses from sheep when water 
intake was restricted, however the reverse was found in an experiment on cattle (Thornton and Yates, 
1969).  A higher volume of urine, with a lower N concentration may mean that the urine is spread over 
a larger area of the pasture, and therefore the N loading rate is lower. A relatively new method is to 
supplement animals with the nitrification inhibitor DCD in drinking water, which, when returned to 
the pasture in the urine, reduces the potential for N loss (Ledgard et al., 2008) (Section 2.6.2).  
Volatilisation of NH3 from slurries has been reduced as result of lowering the amount and form of 
crude protein (CP) in the diet of cattle and pigs (Petersen et al., 1998; Misselbrook et al., 2005; Meade 
et al., 2011).  Misselbrook et al. (2005) showed that slurry from a low (14%) CP diet produced NH3 of 
9% of N applied (to soil) compared to 25% from a high (19%) CP diet.  In another study manure from 
pigs fed low and high CP diets was applied to a winter wheat crop, from which 33% and 18% 
reductions in total NH3 and N2O emissions, respectively, were reported (Meade et al., 2011).  In 
contrast, Bol et al. (2004) reported lower urine N losses as N2O and NH3 from a high protein diet 
compared to a low protein diet.   
The majority of studies showing reductions in urinary N excretion were a result of dietary 
manipulation where the crude protein intake was lowered.  Therefore, there is considerable potential 
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for the reductions made in urinary N excretion in dietary manipulation studies, to correspond to N 
reductions in urine patch N loss.  The fate of urinary N in pastoral soils from a range of dietary 
manipulation treatments is an area which requires further research. 
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Table 2.9:  Summary of research experiments using dietary manipulation to reduce urinary N excretion from dairy cows 
Diet manipulation treatment 
Urine N 
excretion 
reduction
4
 
Relative 
reduction
4
 
% 
Aim 
achieved 
Effect on other N 
recovery 
Location Reference 
Mixed diet, crude protein (high 19% to low 
14%) 
4 g cow
-1
 hr
-1
 45 1  UK Misselbrook et al. (2005) 
Mixed diet, crude protein (high to alfalfa) 1.9 g cow
-1
 hr
-1
 21 1  UK Misselbrook et al. (2005) 
Mixed diet, crude protein (high to high 
tannin)
1
 
1.7 g cow
-1
 hr
-1
 19 1,2 N in urine to faeces UK Misselbrook et al. (2005) 
Grass silage to maize silage 2.6 kg N cow
-1
 d
-1
 18 1  Ireland Whelan et al. (2011) 
Grass diet (ryegrass to ryegrass plus HSG
2
) 28.7 g N cow
-1
 d
-1
 29 1,2 More N in milk UK Miller et al. (2001) 
Grass diet (ryegrass to ryegrass plus HSG
2
) NS
3
 NS
3
 2 More N in milk UK Moorby et al. (2006) 
Grass crude protein high 20% to low 16% 77 g N cow
-1
 d
-1
 27 1  France Astigarraga et al. (2002) 
Grass diet, no supplement to supplement 
(corn, wheat mix) 
51 g N cow
-1
 d
-1
 22 1,2 
More N in faeces 
and milk 
USA Bargo et al. (2002) 
Grass diet 19% crude protein, supplement 
(high 24% to low 9% crude protein) 
126 g N cow
-1
 d
-1
 40 1  Ireland Mulligan et al. (2004) 
Grass to maize silage NS
3
 NS
3
 2 More N in faeces Ireland Burke et al. (2008) 
Grass diet to grass plus maize silage 163 45 1,2 More N in faeces 
The 
Netherlands 
Vuuren and Meijs (1987) 
1
 High condensed tannin, Birdsfoot Trefoil (Lotus corniculatus) 
2
 HSG – high sugar grass (perennial ryegrass bred to exhibit increased water soluble carbohydrate (‘sugar’) trait) 
3
 NS not significant 
4
 Reduction presented where significant at P < 0.05 
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2.6.2 Nitrification inhibitors 
2.6.2.1 Mode of action and use 
A nitrification inhibitor is a chemical which slows the rate of the first stage of nitrification, the 
conversion of ammonium (NH4
+
) to nitrite (NO2
-
) (Figure 2.16).  The inhibitors specifically inhibit the 
enzyme activity of nitrifying bacteria Nitrosospira and Nitrosomonas.  Common nitrification 
inhibitors include: dicyandiamide (DCD), dimethylpyrazole phosphate (DMPP) and nitrapyrin (N-
serve) (Prasad and Power, 1995).  Synthetic inhibitors gained importance in the 1960’s in the US, 
Japan and West Germany in fertiliser-intensive systems such as arable farming and horticulture 
(Amberger, 1989), or in any areas with high rainfall, irrigation inputs or in rice paddies, where they 
prevented potential N leaching loss by keeping N in NH4
+
 form during vulnerable periods.   
The recognition of urine patches as a major source of N loss from grazed pastures (Section 2.3.1) 
inspired new research into methods to improve N cycling, including the use of nitrification inhibitors. 
Research into the use of DCD to target urine patches in grazed pastures in New Zealand has been 
extensive, with a commercially-available product in fine particle suspension form being sprayed 
directly onto urine-affected pasture.  Common practice is to apply two applications of 10 kg DCD ha
-1
 
(each) following grazing (urine deposition) in late autumn and again two months later in winter, to 
target N loss vulnerable periods when temperatures are low and the soil is draining (Di and Cameron, 
2005).  DCD may be applied as a solution (dissolved), a fine particle suspension (incompletely 
dissolved), or in granular form.  DCD (C2H2N4) contains 66% N and decomposes to NH3, CO2 and 
H2O (Amberger, 1989).  DCD is a bacteriostat, with an LD50 three times that of sodium chloride (table 
salt) (Amberger, 1989).  The nitrification inhibitor dimethylpyrazole phosphate (DMPP) has also been 
used recently in a similar strategy to that of DCD to reduce nitrate leaching from cropping and pastoral 
systems (Zerulla et al., 2001; Di and Cameron, 2011). 
 
Figure 2.16:  Nitrification inhibitors reduce the enzyme activity of nitrifying bacteria in the first 
stage of nitrification, the conversion of ammonium to nitrite. 
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2.6.2.2 Impacts in grazed pasture systems 
Table 2.10 shows some of the reported effects of DCD application on N2O emissions, NH3 
volatilisation, NO3
-
 leaching and pasture uptake from urine N applied to pastoral soils.  The majority 
of the experiments used soil monolith lysimeters to mimic a urine patch in the field (Di and Cameron, 
2002d, 2004b, 2007; Zaman and Blennerhassett, 2010), although others used lab incubation (Singh et 
al., 2009) or larger field plots (Moir et al., 2007; Hoogendoorn et al., 2008; Monaghan et al., 2009).  
Attempts have been made to measure the effects of DCD at a paddock scale (Monaghan et al., 2009), 
however most published studies have largely relied on scaling factors to convert results from lysimeter 
to paddock scale by assuming a paddock area coverage by urine patches (Di and Cameron, 2002d; 
Menneer et al., 2008b; Moir et al., 2011).  
Substantial reductions in N2O emissions by DCD have been reported from urine patches (Di and 
Cameron, 2002d, 2003; Di et al., 2007; Singh et al., 2009), as well as mineral N fertilisers and organic 
manures (Delgado and Mosier, 1996; Hatch et al., 2005).  The main mechanism for reduced N2O 
emissions, is a decrease in NO3
-
 substrate availability for denitrification (Firestone and Davidson, 
1989), caused by the DCD inhibiting the conversion of NH4
+
 to NO3
-
 in nitrification.  N2O emissions, 
with and without DCD applied, were measured from urine patches in four different soil types and 
climatic conditions (Di et al., 2007). The average reduction in N2O emissions across four soils was 
from 9.2 in urine only to 2.8 kg N2O-N ha
-1
 in urine+DCD treatments, which corresponded to a 
reduction of 70%.  Additionally, the emission factor (N2O-N emitted as a % of N applied) was reduced 
from 0.9 (urine) to 0.3 (urine+DCD).  A review of the literature by de Klein et al. (2011) showed an 
average reduction in N2O emissions from animal urine patches treated with DCD, of 8 kg N ha
-1
.  The 
effect of DCD with varying urine N rates has not been tested, except in a lab study by Singh et al. 
(2009), where DCD reduced total N2O emissions from urine applied to soil cores by 33, 56 and 80% 
from urine N rates of 144, 290 and 570 kg N ha
-1
, respectively.  
Varying responses of NH3 volatilisation to the application of DCD have been published (Table 2.10).  
Bundy and Bremner (1974) reported 28-34% N loss from volatilisation of added urea with the 
nitrification inhibitors nitrapyrin, ATC and CL-1850, compared to 9% without. Singh et al. (2009) and 
Zaman and Blennerhassett (2010) also showed increased NH3 losses from DCD application to urine-
affected soil.  These lab-based studies support the theory that volatilisation results from the additional 
NH4
+
 present in the soil where nitrification is inhibited by the DCD. However, these results are not 
usually supported by results in field-based studies, except where urine was applied in summer, or 
during warm, windy conditions (Bronson et al., 1999).  Di and Cameron (2004b) reported that DCD 
had no effect on ammonia volatilisation and suggested that urine N, being in a liquid form, permeates 
into the soil matrix rather than staying at the soil surface and a significant amount of NH4
+
 may be 
adsorbed onto charged sites on exchange surfaces or immobilised into the soil organic matter.  In 
addition, the DCD applied in their study was followed by 10 mm of irrigation water which would have 
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reduced NH3 volatilisation by washing the dissolved urea below the soil surface (Black et al., 1985b).  
Following urine application in the autumn and winter when rainfall is frequent and temperatures are 
low, urine is unlikely to remain at the soil surface, and so the potential for NH3 volatilisation is low 
(Section 2.2.2).  Therefore, the timing of applications of urine and DCD are likely to contribute to 
observed variability in N leaching. 
A number of studies have reported reductions in urine-derived NO3
-
 leaching from DCD applied to 
pastoral soils, within the range 2-82% (average %) (Table 2.10).  Di and Cameron (2007) evaluated 
the effect of DCD at a range of urine N application rates, and reported that, in percentage terms, NO3
-
 
leaching was reduced by 83, 60 and 45%, from urine applied at 300, 700 and 1000 kg N ha
-1
, 
respectively.  This trend was in contrast to that found by Singh et al. (2009), who reported NO3
-
 
leaching reductions by DCD of 60 and 65% from from urine applied at 290 and 570 kg N ha
-1
, 
respectively. Therefore, the efficacy of DCD has, so far, been shown to vary with the application rate 
of urine N.  These results require further verification, particularly in field conditions.  
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Table 2.10:  Summary of research experiments on the effect of the nitrification inhibitor DCD on urine N loss and pasture uptake from pastoral soils 
Pathway N input (kg N ha
-1
)
1
 
Quantity of N 
recovered  
(no DCD) kg N ha
-1
 
% change by 
DCD
2
 
Type of study, location Reference 
Nitrous oxide emissions Urine 1000 urea 200 23-37 -56-73 Lysimeter, NZ Di and Cameron (2006) 
 Urine 0/144/290/570 0.1/1/3/20 -33/56/80 Intact core, incubation, NZ Singh et al. (2009) 
 Urine 1000 urea 200 46 -82 Lysimeter, NZ Di and Cameron (2002c) 
 Urine 360 urea 0-750 0.3-4.1 -58-79 Field plots, NZ Hoogendoorn et al. (2008) 
 Urine 600 9-12 -47-53 Small plots (0.04 m
2
), NZ Zaman and Blennerhassett (2010) 
Ammonia Urine 0/144/290/570 0.1/1.5/6.4/2.4 NS Intact core, incubation, NZ Singh et al. (2009) 
 Urine 600 29-44 +18-41 Small plots (0.04 m
2
), NZ Zaman and Blennerhassett (2010) 
 Urine 1000 urea 200 35 NS Lysimeter, NZ Di and Cameron (2004b) 
Nitrate leaching Urine 290/570 138-217 -60-65 Intact core, incubation, NZ Singh et al. (2009) 
 Urine 344, urea 141-291 16-204 -38-42 Lysimeter, Ireland Dennis et al. (2012) 
 Urine 0/300/700/1000 urea 200 23/60/188/255 -46/83/60/45 Lysimeter, NZ Di and Cameron (2007) 
 Urine 775 114 -59 Lysimeter, NZ Menneer et al. (2008a) 
 Urine 1000 urea 200 50 -35 Lysimeter, NZ Di and Cameron (2004b) 
 Grazed (urine & urea 100-150) 7-16 -21-56 Field plots, NZ Monaghan et al. (2009) 
 Urine 1000 urea 200 397-516 -42-76 Lysimeter, NZ Di and Cameron (2002c) 
 Urine 600 52-81 -2-57 Lysimeter, NZ Zaman and Blennerhassett (2010) 
Pasture N uptake Urine 0/300/700/1000 urea 200 133/361/451/632 +18/33/43/33 Lysimeter, NZ Di and Cameron (2007) 
 Urine 1000 urea 150 560-651 +46-59 Field plots, NZ Moir et al. (2012b) 
 Grazed (urine & urea 100-150) 256-468 NS Field plots, NZ Monaghan et al. (2009) 
 Urine 1000 urea 0-350 34-157 NS Field plots, Ireland O'Connor et al. (2012) 
 Urine 1000 urea 200 387-615 +17-37 Field plots, NZ Moir et al. (2007) 
1
Studies were conducted on urine affected soil (wetted area), except where plots were grazed by animals. 
2
where statistically significant at P < 0.05, NS not significant 
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Uptake of N by pasture has been shown to increase in response to DCD application in a range of 
studies, by 29% on average (Table 2.10).  This was achieved because DCD slows down the rate of 
nitrification, thus reducing the potential for N loss through nitrate leaching, denitrification and 
ammonia volatilisation (Di and Cameron, 2007). N retained in the soil may also be immobilized or 
retained in plant roots, but will ultimately likely be released for plant uptake in the long term. Because 
up to 90% of N ingested by the grazing animal is returned to pasture (Jarvis et al., 1995), application 
of DCD can therefore recycle urine N more efficiently in grazed pasture systems. Pasture dry matter 
yields have also been shown to increase, and were on average 28% higher than in non-DCD treated 
pasture.  Pasture response to DCD has, however, been variable (Cookson and Cornforth, 2002; Smith 
et al., 2005; Carey et al., 2012).   
2.6.2.3 Factors influencing inhibitor efficiency 
In order for DCD to inhibit nitrification, it must remain in contact with, or in close proximity to, NH4
+
 
in the soil (Abdel-Sabour et al., 1990).  In a urine patch, this is usually the top 20 cm of soil (Figure 
2.7) (Williams and Haynes, 1994). DCD is typically applied in the late autumn to winter period, when 
the soil is draining, so the longevity of DCD in the topsoil is influenced by the amount of soil drainage 
(Corre and Zwart, 1995; Welten et al., 2013).  Shepherd et al. (2012) found a strong relationship 
between DCD recovery and drainage volume from clay, silt loam and sandy loam soils (Figure 2.17). 
The recovery of DCD in drainage water was reported to be 2-17% (Monaghan et al., 2009), 12-46% 
(Shepherd et al., 2012), 58% (Menneer et al., 2008a), and 55-69% (Welten et al., 2013).  Di et al. 
(2009) also explored the influence of the size and structure of the microbial community involved in 
ammonia oxidation, and found that ammonia-oxidising bacteria (AOB) were more important than 
ammonia-oxidising archaea (AOA) in pastoral soils.  
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Figure 2.17:  (a) Relationship between the amout of DCD leached and cumulative drainage; (b) 
Literature comparison of DCD loss and drainage with the relationship found in 
(a), including extrapolation (broken line) (Shepherd et al., 2012) 
The main factor affecting DCD decomposition and therefore efficacy, is temperature (Amberger, 
1989; Prasad and Power, 1995).  At 12
 
°C DCD was found to completely decompose after 12 weeks, 
while at 4
 
°C, there was 12% remaining after 17 weeks (Table 2.11).  Kelliher et al., (2008) developed 
the following temperature (T) decay curve for the half-life of DCD (     ( )) in soil: 
     ( )       
        
Equation 2.7:  Calculation for the temperature dependent half-life of DCD in soil (Kelliher et 
al., 2008). 
where, for example if the soil temperature at 10 cm was 10 °C during winter, the half-life of DCD 
would be expected to be ~73 days.  
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Table 2.11:  Decomposition of DCD in soil as affected by temperature (Amberger, 1989) 
  % of added DCD remaining 
Weeks 0 
o
C 4 
o
C 6 
o
C 12 
o
C 
2 88 88 80 76 
8 80 73 68 40 
12 - - 56 0 
14 62 42 - - 
17 57 12 - - 
 
Other factors affecting the decomposition of DCD in soil are moisture, pH, organic matter content and 
microbial activity (Amberger, 1989; McCarty and Bremner, 1989; Prasad and Power, 1995; Zhang et 
al., 2004; Singh et al., 2008). 
 
2.7 Research context 
2.7.1 Geography, soils and climate 
The Republic of Ireland occupies the central and southern part of the island of Ireland, with a land area 
of 84,412 km
2
, composed of 20 counties for administrative purposes (Appendix A.1).  The Irish 
climate is characterised by mild temperatures ranging between 5.1 
o
C in January and 14.7 
o
C in July, 
and is subject to a maritime influence. Annual rainfall generally falls in the range of 800 to 1200 mm 
(actual range <800 to >2800 mm) and is distributed throughout the year. Evapotranspiration averages 
460 mm per year which together with soils of intermediate texture and high moisture retention 
capacity, results in moist soil conditions in summer and wet conditions in winter. Soil and climatic 
conditions are suited to grassland farming because mild temperatures and adequate soil moisture 
usually allow grass growth in at least 10 months of the year.  
Soils originated from glacial drift and are predominantly calcareous in nature.  The main soil forming 
factors are parent material, climate and the rate of organic matter decomposition.  The Carboniferous 
limestone of the Irish Midlands forms a gently undulating “Central Plain”, the majority of which is 
below the 120 m contour.  Pre-carboniferous and tertiary igneous rocks form a discontinuous 
peripheral upland rim (O'Mara, 2008).  Quartzite and Old Red Sandstone contribute significantly to 
Ireland’s geomorphology and support the topography of hills and mountains, forming over half of the 
190 peaks rising above 600 m, as well as scattered outcrops.  Granites also contribute to mountain 
areas as well as underlying lowland areas. The Irish soil classification system is based on the United 
States Department of Agriculture classification, with Grey Brown Podzolics (20%), Browth Earths 
(14%), Brown Podzolics (12%), Blanket Peats (11%) and Podzols (10%) making up the commonly-
occurring soil groups (Gardiner and Radford, 1980).  A map of the distribution of soil types in ireland 
is shown in Appendix A.2.  
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2.7.2 Dairy farming in Ireland 
Agriculture in Ireland utilises approximately 4.4 million ha of the total land area (Humphreys, 2008).  
Over 90% of the agricultural land area is in grassland, rough grazing and common land. The area of 
grassland is 3.8 million hectares which consists of pasture (66%), grass silage or hay and rough 
grazing.  Dairy and beef cattle production dominates pastoral agriculture in Ireland and is evenly 
spread throughout the country, with sheep making up a decreasing contribution due mostly to low 
profitability (O'Mara, 2008).  Dairy cows (predominantly Friesian or Holstein-Freisian breed) make up 
over half the cattle herd and are concentrated in the south of the country.  The average dairy herd size 
in Ireland in 2005 was 41 cows which changed little from 42 in 2003 (Central Statistics Office, 2007). 
Average farm size (all types) was 32.7 ha although in the south east and west, farm size was closer to 
40 ha (Central Statistics Office, 2010).  
Table 2.12 shows a simple representation of the timing of activities on a typical dairy farm. Cows are 
housed for a short (approximately 6 weeks) period during winter, and graze pasture for the remainder 
of the year.  Calving is usually in spring, with peak milk production occurring in summer.  
Table 2.12:  Schematic presentation of a typical grass-based Irish dairy farm (40 ha) 
Period Activity 
Early Dec - mid Jan (mid winter) Cows housed (zero grazing) 
Mid Jan - late May (mid winter - late spring) 30 ha grazing; 10 ha silage 
Late May - early Dec (late spring - early winter) 40 ha grazing 
 
Irish milk production was run on a quota regime imposed by the European Union (EU) from 1990-
2013, where total production was capped at 5,150 million litres (Humphreys, 2008). This has now 
been removed, with no ceiling on milk production. Current milk pricing schemes in Ireland are a 
constituent pricing system (payment based on fat and protein), and a liquid payment (traditional 
scheme).  Ireland is Europe’s only seasonal milk producing country, with a peak delivery period 
running from April to August. Approximately 90% of beef and dairy products are exported.   
In order to capture its main competitive advantage, Irish dairy farming is pasture-based. The main 
species present in high quality swards are Lolium perenne, Poa trivialis and Trifolium repens, and in 
lower quality swards Holcus lanatus, Agrostis spp. are common. Pasture growth curves follow a 
typical pattern of low or no growth (0-5 kg DM ha
-1
 day
-1
) over the winter months, increasing 
gradually in February and March to a peak of approximately 100 kg DM ha
-1
 day
-1
 in May. Sometimes 
a second peak may occur in August, but usually pasture growth declines slowly from May to 
November.  Average annual pasture production is expected in the range of 10-18 T DM ha
-1
 year
-1
 
(O'Mara, 2008; O'Donovan et al., 2010).  Grazing management varies from set stocking to rotationally 
grazed systems where pasture budgeting techniques are used.  N fertiliser use is highest on dairy 
farms, and increases with stocking rate.  A recommended mineral N fertiliser schedule for Irish dairy 
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farms is shown in Table 2.13.  The increasing cost of fuel and N fertiliser has encouraged the inclusion 
of clover in pasture mixes as a cheaper, alternative source of N (Humphreys et al., 2011).  
Table 2.13:  Suggested nitrogen fertiliser application schedule for cattle grazed swards at 
various stocking rates in Ireland. Adapted from Teagasc (Teagasc, 2008) 
 Fertiliser N application rates
1
 (kg N ha
-1
)   
Stocking 
rate
2
 
(kg N/ha) 
Jan/Feb March April May June  July  Aug  Sept
3,4
 
Total 
N rate 
(kg/ha) 
≤90 (1 
cow/ha) 
  25   15      40 
110  15 30 15  15      75 
130  28 35 25  23      111 
140  28 35 25  17    17  122 
150  29 44 26  26    17  141 
160  29 44 35  35    26  168 
170 (2 
cows/ha) 
 34 53 42  42    31  201 
180 32 32 48 38  38    28  216 
190 31 41 54 54  37    37  237 
200 30 53 53 53 37   37   27 275 
210 (3 
cows/ha) 
31 54 54 54 37   37   37 306 
≥210 32 49 55 55 38   38   28 2795 
1
Rates shown refer to recommended application of available fertiliser.  Mineral fertiliser rates should be 
calculated by deducting the available N contained in organic fertiliser applications from the rates 
above.  
2
Total annual N excreted by grazing livestock averaged over the net grassland area (grazing and silage 
area).  Stocking rate refers to grassland area only. Farm stocking rates are expressed as kg organic 
N/ha, calculated by multiplying the average number of animals in each category of stock on the farm 
during the year by the annual N excretion of that category of animal (according to standard values), 
and dividing by the farm area (Humphreys et al., 2006). 
3
Rates refer to grazed swards only, and are not suitable as a guidelines value fo the N requirement for the 
entire grassland area.  This will depend on the proportions of the area that are grazed, or cut as silage 
or hay.  
4
Chemical or organic fertilisers cannot be applied during periods when application is prohibited by SI 378 
of 2006 (Nitrates Directive). 
5
At stocking rates above 210 kg N ha-1, N advice is constrained by SI 378 of 2006. 
Nutrient advice for farmers is provided through Teagasc advisory representatives, and is guided by a 
code of recommended practice in the Teagasc ‘green book’ of nutrient advice (Teagasc, 2008).  Slurry 
management in Ireland is a potential nutrient source, as well as a farm management and environmental 
concern.  Slurry accumulates beneath slatted shed floors during the winter and during ‘closed periods’ 
for land spreading, therefore a significant quantity of slurry is stored for up to 4 months before land 
spreading. Slurry may be separated into liquid and solid components, or agitated before spreading at 
rates of ~30 m
3
 ha
-1
.  Nitrogen returned as total ammoniacal N is 70-90 kg N ha
-1
, however it is likely 
only around half is actually gained due to ammonia-N volatilisation loss following land spreading 
(Whitehead, 1995k).   
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2.7.3 Results of policy changes 
A range of policy measures have been introduced in Ireland in order to lower losses of nutrients from 
agriculture to water and air. These mainly include changes to the EU Common Agricultural Policy 
(CAP) and regulations put in place in 2006 under the Nitrates Directive (European Council, 1991). As 
a consequence of CAP changes in the last decade involving promotion of extensification of 
agricultural production, sheep and cattle numbers have declined, however milk production per cow 
(dairy) has increased. Lower concentrations of nitrate in surface and ground water are attributed to: 
 a decrease in average inputs of organic N in animal manures and input of manufactured 
fertiliser N, 
 the considerable N uptake capacity of Irish grassland throughout the year, and 
 the high organic carbon content of soils coupled with moist soil and mild temperatures 
resulting in denitrification, most of which is lost as environmentally benign N2 (Humphreys, 
2008). 
Under the Nitrates Directive, limits on N application to land of 170 kg N ha
-1
 yr
-1
 from livestock 
manure are imposed on all farms. There are time-limits on slurry storage and closed periods during 
autumn and winter where no manufactured fertilisers or livestock manures can be applied to land. 
These limits aim to reduce nutrient transfer to water. There are several avenues of financial support 
available to farmers who meet additional requirements for pollution control including tax relief and 
subsidies e.g. a grant aid at 40% is available to farmers for purchase of the low ammonia emission 
‘trailing shoe’ vacuum tanker for slurry application (Humphreys, 2008). Significant farmer uptake of 
grants under these schemes has taken place recently, for example at the end of the application period 
of one grant scheme (introduced by the Department of Agriculture and Food) in 2006, 48,000 
applications had been received, representing approximately 37% of all farms.  
Most (>90%) farms have stocking rates on grassland equal to or below the limit of 170 kg N ha
-1
 yr
-1 
from manure and fertiliser. However there are other farms such as mixed grassland and tillage and 
derogation farms where N input limits are higher e.g. 250 kg N ha
-1
 yr
-1 
from livestock manure and a 
total N input of 490 kg N ha
-1
 yr
-1
. Farmers can apply for derogation; an exemption from the 170 kg N 
ha
-1
 yr
-1
 limit, allowing them to operate up to 250 kg N ha
-1
 yr
-1
. These farmers are unlikely to 
represent more than 8% of all farms and their operations will be subject to stricter nutrient 
management monitoring and inspection.  
The Rural Environmental Protection Scheme (REPS; European Council, 2003) was introduced in 1994 
and participation increased steadily to 60,000 farms in 2006, which accounted for 45% of all farms. 
Humphreys (2008) explained that farmers receive payments in return for: 
1. Establishing farming practices and production methods that take into account conservation, 
landscape protection and wider environmental problems, 
65 
 
2. Protecting wildlife habitats and endangered species of flora and fauna; and 
3. Producing quality food in an extensive and environmentally friendly manner.  
Participants are subject to stringent nutrient management requirements, and fertiliser application is 
lower on REPS farms than non-REPS farms. It is projected that by the end of the decade more than 
half of all farms in Ireland will be part of REPS. 
 
2.8 Summary 
A review of the literature produced the following findings: 
 The ruminant urine patch is the major source of nitrogen (N) loss in grazed pasture systems. 
 Nitrogen losses from urine patches can contribute to degradation in environmental quality 
(particularly nitrate leaching on water quality, and nitrous oxide emissions on climate change), 
as well as to an inefficiency of N use in grazed pastures. 
 The loading rate of N in a urine patch varies significantly, from 200-2000 kg N ha-1 (average 
1000 kg N ha
-1
) for a dairy cow.  
 The urine N loading rate is affected primarily by the N content in the animal diet, and 
therefore the concentration of the urine N excreted.  Pasture-based diets contain a large 
amount of N, up to 25% crude protein (4% N). 
 Considerable research has been carried out into the fate of urine N in leaching, gaseous 
emissions, and pasture uptake.   
 The majority of studies investigating N rate either determined the effect of (1) a range of urine 
or fertiliser N rates on a single pathway e.g. leaching or (2) a single urine or fertiliser N rate 
on multiple pathways e.g. 
15
N balance.  This is the key research gap in the literature which 
relates to this project.  
 Studies have shown that there is considerable potential to reduce urinary N excretion from 
grazing animals by on average 22% by manipulating the N content of the diet, for example by 
substituting pasture feed with lower N feeds. The range in urine N concentration resulting, 
may correspond to a reduction in urine patch N loading rate when voided onto pasture. 
 Another mitigation strategy is the application of DCD nitrification inhibitor which has been 
shown to reduce nitrate leaching, nitrous oxide emissions and increase pasture dry matter 
yield.  Evidence of the efficacy of DCD when applied at varying urine N rates is inconclusive, 
and requires further research. 
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 Pasture-based farming in Ireland is similar to that in New Zealand where animals graze 
outdoors for most of the year.  The regulatory environment imposed by the EU policy changes 
in the past decade has placed an emphasis on environmental quality and sustainable farming 
and has highlighted the need for improved N management in grazed pasture systems.   
Therefore, the main research gaps identified in the literature review are: 
1. The fate of urine N applied at varying loading rates to pasture, as a result of changes in animal 
dietary N intake, and 
2. The effect of DCD nitrification inhibitor on urine patch N dynamics at a range of urine N 
loading rates. 
 
2.9 Objectives and hypotheses 
The objectives of the study and hypotheses to be tested are therefore: 
4. To quantify the effect of urine N loading rate on cumulative N2O emissions, N leaching and 
pasture N uptake from grassland lysimeters in Ireland. 
o Hypothesis 1: That an increase in the urine N loading rate would increase the 
cumulative N2O emissions, N leaching and pasture N uptake from grassland 
lysimeters in Ireland. 
5. To quantify the effect of dicyandiamide (DCD) nitrification inhibitor and N loading rate on 
cumulative N2O emissions, N leaching and pasture N uptake from urine applied to grassland 
lysimeters in Ireland. 
o Hypothesis 2:  That the application of dicyandiamide (DCD) nitrification inhibitor 
would reduce cumulative N2O emissions and N leaching, and increase pasture N 
uptake from urine applied to grassland lysimeters regardless of the urine N loading 
rate applied. 
6. To determine the recovery of urine N applied at varying N loading rates. 
o Hypothesis 3:  That the recovery of urine N, as a percentage of the amount applied, 
would be the same regardless of the loading rate of N applied. 
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Chapter 3 
General materials and methods 
 
3.1 Introduction 
Two experiments were conducted: (year one) 2009-2010 and (year two) 2010-2011 at Teagasc 
Johnstown Castle Research Centre in County Wexford, Ireland on grassland lysimeters collected from 
Teagasc Moorepark Research Centre in County Cork, and are hereafter referred to as year one and 
year two, respectively.  Each experiment began with a single urine application to lysimeters in late 
autumn, and measurements were taken thereafter.  A new set of lysimeters was collected for each 
experiment, hence year one and year two should be treated as independent experiments. The lysimeter 
collection site locations for the year one and year two experiments were the same, as were the soil 
physical and chemical properties. A description of the soil properties, the lysimeter collection and the 
application of treatments is given below, and the details of experimental methods and analysis are 
given in each chapter. 
3.2  Soil 
3.2.1 Classification 
The soil lysimeters were collected from two sites on the main dairy farm at the Teagasc Moorepark 
Research Centre near Fermoy, County Cork, Ireland (8°15’W, 52°9’N) (Appendix A.1).  The soil was 
a Typical Brown Earth from the Clashmore series (Gardiner and Radford, 1980), and was classed as 
an Haplic Cambisol in the World Reference Database (WRB, 2006).  The soil is hereafter referred to 
as the Moorepark soil. 
The soil profile description is shown in Table 3.1 (R. Creamer, personal communication).  In brief, the 
soil profile was characterised by a dark brown Ap horizon about 25 cm deep, overlying a weakly 
developed Bw horizon, with a gradual boundary to the underlying BC horizon.  It may be described as 
a well-drained soil of sandy loam texture throughout the profile depth, and was derived from glacial 
till and was a mixture of sandstone and carboniferous limestone composition (Gardiner and Radford, 
1980).   
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Table 3.1:  Profile description of the Moorepark soil.  
 
Location:  Teagasc Moorepark Research Centre, Fermoy, County Cork, Ireland (8°15’W, 52°9’N) 
Soil Group:  Acid Brown Earth (Gardiner and Radford, 1980)  
Classification:  Haplic Cambisol (WRB, 2006) 
 
 
   
Horizon      Depth (cm) Description 
 
Ap 
 
0-25 
 
Brown (7.5 YR 4/4); sandy loam; few small stones; weak to moderate fine 
sub-angular blocky structure; friable consistency; abundant diffuse roots; 
gradual boundary. 
Bw 25-65 Pale brown (10 YR 4/4); sandy loam; few medium stones; moderate fine 
sub-angular blocky structure; friable consistency; abundant diffuse roots; 
gradual boundary. 
BC 65-100 Pale brown (10 YR 4/4); sandy loam; moderate fine to medium sub-
angular blocky structure; friable consistency; some roots. 
 
 69 
 
 
3.2.2 Physical and chemical properties 
Soil cores of 4.8 by 5.0 cm size were collected from 10 cm depth increments, to a depth of 80 cm, and 
were used to determine the physical properties.  The cores were oven-dried at 105 °C to a constant 
weight and the dry bulk density was calculated using Equation 3.1 as follows: 
                 (  )   
  
  
 
Equation 3.1: Calculation for soil bulk density 
where    is the dry bulk density (g cm
-3
),    is the mass of oven-dried soil (g), and    is the total 
volume of the soil core (cm
3
).  The total porosity was calculated using Equation 3.2 as follows: 
               ( )    
  
  
 
Equation 3.2: Calculation for soil total porosity 
Where   is the total porosity of the soil,    is the dry bulk density and    is the assumed particle 
density of 2.65 g cm
-3
, which is in the 2.6-2.7 g cm
-3
 range commonly found in mineral soils (Hillel, 
1998).  Soil texture was measured using the hydrometer method and was named on a particle size 
basis using U.S. Department of Agriculture (USDA) classification. 
Some of the key physical properties of the Moorepark soil are shown in Table 3.2.  The bulk density 
and porosity are within the range of similar sandy soil types (Brady and Weil, 1996).  Similar physical 
properties for the Moorepark soil were also reported by Kramers et al. (2009). 
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Table 3.2:  Key physical properties of the Moorepark soil. 
Depth 
Bulk 
density 
(g cm
-3
) 
Total 
porosity 
Texture 
class
1
 
Sand 
(%) 
Silt 
(%) 
Clay 
(%) 
0-10 cm 1.19 0.55 Sandy loam 53 31 16 
10-20 cm 1.28 0.52 Sandy loam 55 31 14 
20-30 cm 1.37 0.48 Sandy loam 54 30 16 
30-40 cm 1.51 0.43 Sandy loam 66 18 16 
40-50 cm 1.53 0.42 Loamy sand 85 3 12 
50-60 cm 1.76 0.33 Sandy loam 77 10 13 
60-70 cm 1.63 0.39 Sandy loam 65 17 18 
70-80 cm 1.77 0.33 Sandy loam 62 22 16 
1
USDA soil texture 
The concentrations of major nutrients and key chemical properties of the Moorepark soil are shown in 
Table 3.3 and  
Table 3.4  respectively.  The soil fertility was typical of a soil under dairy grazed pasture in Ireland 
(Teagasc, 2008). 
Table 3.3:  Concentrations of major nutrients in the Moorepark soil. 
Depth 
P* 
(mg/kg) 
S* 
(mg/kg) 
Ca* 
(mg/kg) 
Mg* 
(mg/kg) 
K* 
(mg/kg) 
Na* 
(mg/kg) 
0-10 cm 82 18 1329 162 78 40 
10-20 cm 85 20 1463 159 58 43 
20-30 cm 21 14 1253 122 89 30 
30-40 cm 13 14 778 85 68 28 
40-50 cm 13 14 510 70 42 43 
50-60 cm 12 14 536 80 37 43 
60-70 cm 6 11 525 79 44 31 
70-80 cm 4 13 596 95 63 47 
*Mehlich 3 extractable 
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Table 3.4:  Key chemical properties of the Moorepark soil. 
Depth 
pH 
(H2O) 
Organic 
Matter 
(%) 
Organic 
Carbon 
(%) 
Carbon   
(%) 
Nitrogen 
(%) 
C/N 
Ratio 
SMP 
Buffer
1
 
TEC 
(meq/ 
100 g)
2
 
0-10 cm 6.0 7.56 3.62 3.83 0.43 8.91 6.9 8.83 
10-20 cm 6.2 5.41 2.51 2.89 0.33 8.76 7.1 8.98 
20-30 cm 6.4 3.49 1.39 1.64 0.16 10.25 7.2 7.64 
30-40 cm 6.5 1.86 0.62 0.63 0.06 10.5 7.2 4.89 
40-50 cm 6.5 0.99 0.23 0.28 < 0.05 
 
7.4 3.43 
50-60 cm 6.6 1.01 < 0.20 0.22 < 0.05 
 
7.4 3.63 
60-70 cm 6.6 0.98 < 0.20 < 0.20 < 0.05 
 
7.4 3.53 
70-80 cm 6.8 0.99 < 0.20 < 0.20 < 0.05 
 
7.3 4.14 
1
Lime requirement. 
2
Total exchange capacity.  
 
3.3  Lysimeter collection 
Lysimeters were collected during mid-October 2009 and mid December 2010.  Lysimeter construction 
and collection was carried out following the method of Cameron et al. (1992).  A single lysimeter unit 
(0.5 m diameter and 0.7 m deep) consisted of a rolled steel cylinder casing including an internal 
cutting ring, base plate and four steel bars to secure the base plate. 
A field site was identified and fenced off from stock grazing approximately one month before 
lysimeter collection.  Using a digger, a trench was dug on either side of the sampling area.  The 
pasture, where the lysimeter was to be taken from, was cut to ground level using hand clippers.  The 
hollow lysimeter casing was placed on the pasture in the allocated area with the internal cutting ring 
on the bottom edge.  A large block of wood covered the top of the casing where the digger bucket 
could securely and evenly push the casing down.  Hoes were used to carefully chip away soil while the 
casing was slowly pushed down.  The correct depth of the lysimeter was judged when a 25 mm thick 
circular wooden block placed on the surface of the lysimeter pasture was even with the top edge of the 
lysimeter casing.  In order to separate the base of the soil monolith from the surrounding soil, a cutting 
plate and hydraulic ram were used (Plate 3.1).  The hydraulic ram slowly pushed a square steel plate 
across the underside of the lysimeter casing until the lysimeter was separated from the surrounding 
soil.   
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Plate 3.1:  Lysimeter casing was pushed down while soil was chipped away and the base of the 
monolith was cut from the surrounding soil. 
The lysimeter was secured to the cutting plate using long bolts and nuts.  A specially designed belt 
was fitted around the centre of the lysimeter which was then lifted from the trench using a digger and 
lifting brace (Plate 3.2).  The square cutting plate was replaced by a circular drainage plate by 
inverting the lysimeter and securing the new plate with the bolts used previously.  The lysimeter was 
then returned to an upright position.  
 
Plate 3.2:  The lysimeter was lifted from the trench and the cutting plate removed and replaced 
with the circular drainage plate. 
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Liquefied petrolatum was poured carefully down the inside edge of each lysimeter (created by the 
internal cutting ring) in order to minimise edge flow effects (Cameron et al., 1992) (Plate 3.3).  
Lysimeters were supported on wooden crates, loaded onto a trailer and transported to Johnstown 
Castle Research Centre in County Wexford.   
Each lysimeter was inverted, 50 mm of soil removed and replaced with gravel (approximately 10 mm 
in diameter) to encourage even drainage through the soil.  The circular drainage plate was then 
permanently secured to the lysimeter casing using bolts and heavy duty silicone sealant.  Individual 
lysimeters were checked for leaks by observing drainage out of the hole in the base plate from applied 
water and repaired with silicone sealant where needed.  
 
Plate 3.3:  Liquefied petroleum was poured down the internal edge of the lysimeter which was 
then loaded onto a trailer. 
A previously constructed lysimeter facility at Johnstown Castle Research Centre was prepared for 
lysimeter installation.  Heavy duty plastic piping provided support for the drainage pipe connecting the 
lysimeter to the drainage collection vessel.  Coarse gravel (approximately 25 mm) was packed down 
around the plastic piping providing a stable, flat surface for lysimeters to be placed.  Lysimeters were 
installed one by one using a digger (Plate 3.4).  While the digger held the suspended lysimeter, 
reinforced drainage piping was affixed to the lysimeter base plate via a brass pipe fitting and hose clip.  
This provided a drainage pathway from each lysimeter to the drainage collection vessel in the pit of 
the lysimeter facility (Plate 3.5).  As a part of the gas sampling apparatus, a stainless steel ring trough 
was attached to the top of each lysimeter.  Each gas ring trough, part of the lysimeter gas sampling 
apparatus, was inserted 100 mm into the soil and sealed around the top edge of each lysimeter using 
silicone sealant.  A series of completed lysimeters installed in the facility at Johnstown Castle are 
shown in Plate 3.5.  The petrolatum around the internal edges of the lysimeters was checked during 
summer months to see that they remained sealed.   
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Plate 3.4:  Lysimeters were installed into a prepared facility using a digger. 
 
Plate 3.5:  Lysimeters with gas rings and drainage vessels attached and the complete lysimeter 
facility. 
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3.4  Treatments 
The dates on which the treatments were applied are shown in Appendix B. 
3.4.1 Structure and allocation 
Each experiment consisted of eight treatments including a control, four urine rates, two DCD 
applications and one fertiliser application (Table 3.5).   
Table 3.5:  Description of treatments applied to lysimeters in years one and two. 
Treatment name Description 
Control No N 
Fertiliser 275 kg N ha
-1
 (year one); 306 kg N ha
-1
 (year two) 
U300 300 kg N ha
-1 
urine  
U500 500 kg N ha
-1 
urine  
U500+DCD 500 kg N ha
-1 
urine; 30 kg DCD ha
-1
 (split applications) 
U700 700 kg N ha
-1 
urine  
U1000 1000 kg N ha
-1 
urine  
U1000+DCD 1000 kg N ha
-1 
urine; 30 kg DCD ha
-1
 (split applications) 
 
In year one, each treatment had four replicates except for the control and fertiliser treatments which 
had three each, producing a total of 30 lysimeters.  The treatments were allocated to the lysimeters in a 
randomised block design with two replicates of each treatment in each of two blocks (except for the 
control and fertiliser treatments which had two replicates in one block and one replicate in the other 
block) (Figure 3.1).  In year two, each treatment consisted of four replicates producing a total of 32 
lysimeters.  Treatments were allocated to lysimeters in a randomised block design with two replicates 
of each treatment in each of two blocks.  Blocks were included in the design to facilitate a nitrous 
oxide gas sampling plan. 
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Figure 3.1:  Treatment allocation for 30 lysimeters in year one (left, green) and for 32 lysimeters 
in year two (right, brown).  Each circle shows the lysimeter number and 
treatment name. 
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3.4.2 Urine application and 15N labelling 
Urine was collected in buckets, by hand, from mixed age Holstein-Friesian cows during morning and 
afternoon milking on the Teagasc Johnstown Castle dairy farm (Plate 3.6).  Cattle were fed a diet of 
concentrates in the form of grass silage, having recently been moved from pasture to housing for the 
winter period.  The collected urine was bulked and a sample was analysed on the same day for total N 
concentration using a Shimadzu TOC-TN analyser (Shimadzu Scientific Instruments, USA).  The 
urine was stored at 4 °C for less than seven days prior to the urine treatment application. 
 
Plate 3.6:  Urine was collected by hand, using buckets, from dairy cows during the morning and 
afternoon milking periods. 
In year one the total urine N concentration was 8.3 g N L
-1
, which was altered to produce 3, 5, 7 and 
10 g N L
-1
 concentrations by spiking with urea or diluting with de-ionised (DI) water.  The urine was 
mixed thoroughly until the urea had dissolved.  These N concentrations corresponded to N loading 
rates of 300, 500, 700 and 1000 kg N ha
-1
 in the urine treatments when applied to the lysimeters at a 
rate of 2 L per lysimeter (surface area of 0.2 m
2
). 
In year two the total urine N content was 7.4 g N L
-1
 which was altered to produce 3, 5 and 7 g N L
-1
 
concentrations, corresponding to N loading rates of 300, 500 and 700 kg N ha
-1
 in the urine treatments 
when applied at a rate of 2 L per lysimeter.  An isotopic 
15
N label was added to urine in the U1000 and 
U1000+DCD treatments in year two.  The urine was first diluted to 4 g N L
-1
 using DI water.  Highly 
enriched 
15
N urea (99 atom% excess; Sigma Aldrich, UK), and ordinary urea (natural abundance 
15
N), 
were then added to the urine to produce a 
15
N label of 45 atom% excess and a total 
14+15
N 
concentration of 10 g N L
-1
.  The urine was mixed thoroughly until the urea had dissolved and was 
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applied to the lysimeters on the same day.  Further details on the 
15
N labelling methodology are 
provided in Section 7.3.2.1.  
The urine treatments were applied to the lysimeters on 15 December 2009 in year one and on 28 
December 2010 in year two. These dates were during the last month of grazing outdoors, after which 
dairy were moved indoors for housing over winter. A late autumn urine application date was chosen to 
reflect the season where N is most vulnerable to environmental loss because dairy cattle are still 
grazing pasture outdoors (and therefore excreting N in urine patches).  Two litres of urine were poured 
in an even stream onto the centre of each lysimeter (0.2 m
2
 surface area) from approximately 1 m in 
height, in order to mimic a typical dairy cow urination event in the field.  Two litres of DI water were 
applied to the control and fertiliser treatment lysimeters to maintain consistency in lysimeter drainage 
volumes. 
3.4.3 DCD application 
The DCD nitrification inhibitor was applied to the lysimeters in the U500+DCD and U1000+DCD 
treatments in two split applications of 15 kg DCD ha
-1
, one the day after urine application and again 
approximately two months afterwards.  The annual rate of DCD was 30 kg ha
-1
, which was higher than 
the recommended commercial practice of 20 kg DCD ha
-1
 used in New Zealand (Di and Cameron, 
2005), and allowed for the higher drainage volumes expected under Irish conditions (Dennis et al., 
2012).  In year one the DCD was applied on 16 December 2009 and 17 February 2010.  In year two 
the DCD was applied on 29 December 2010 and 8 March 2011.   A volume of 20 mL of DCD solution 
was sprayed evenly over the surface of the lysimeter using a spray bottle (Plate 3.7).  The method of 
DCD application follows commercial practice for DCD use in grazed pasture (Di and Cameron, 
2002d; de Klein et al., 2011).  
 
Plate 3.7:  The DCD solution was applied to the lysimeter surface using a spray bottle. 
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3.4.4 Fertiliser application 
The fertiliser treatment was included in the experiments to provide a scenario that was similar to a 
grazed pasture system, without the urine application, in order to separate the fertiliser-N and urine-N 
effects.  The fertiliser applications were made following best practice as described in the Teagasc 
(Irish Agriculture and Food Development Authority) ‘green book’ of nutrient advice for an Irish dairy 
farm with a stocking rate of 3 cows ha
-1
 (Teagasc, 2008).  The recommendations consisted of an 
annual total of 306 kg N ha
-1
 split into seven fertiliser applications which vary in quantity and form 
(Table 3.6).  Appendix B shows the days on which fertiliser was applied.  In year one, the first 
fertiliser application (Jan/Feb) was excluded due to particularly cold conditions. 
Table 3.6:  Nitrogen fertiliser application schedule in years one and two. 
Application 
number 
Month 
Application rate 
(kg N ha
-1
) 
Fertiliser 
form* 
1 Jan/Feb 31 (ex. Year 1) Urea 
2 March 54 Urea 
3 April 54 Urea 
4 May 56 CAN 
5 June 37 CAN 
6 July 37 CAN 
7 September 37 CAN 
 TOTAL 306 (ex. Year 1 = 275)  
*CAN – Calcium ammonium nitrate 
  
 80 
 
 
3.5   Climate 
The measurement of climatic variables was carried out in the Irish Meteorological Service (Met 
Eireann) weather station for Johnstown Castle, which was situated adjacent to the lysimeter facility 
(Plate 3.8).  Measured variables included daily and hourly rainfall, air and soil temperature.  Further 
details on the climatic variables measured are given in each chapter. 
 
Plate 3.8:  The Johnstown Castle weather station was situated adjacent to the lysimeter facility. 
 
3.6   Statistical analysis 
Statistical procedures were carried out using Genstat version 13 (Lawes Agricultural Trust, UK).  Data 
were analysed using analysis of variance (ANOVA) which fitted the difference between the two 
blocks as well as the treatment effects.  Further details on specific statistical methods used are given in 
each chapter.  Unless otherwise stated a least significant difference (LSD) value of 95% confidence 
(0.05) is displayed as a bar on figures and quoted in tables.  
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Chapter 4 
Nitrous oxide emissions 
4.1 Introduction 
Nitrous oxide (N2O) is a potent greenhouse gas (GHG) which is 298 times more potent than carbon 
dioxide in terms of global warming potential (IPCC, 2007).  The Kyoto Protocol, which Ireland is 
signatory to, requires member countries to reduce GHG emissions to below 1990 levels in the period 
2008 to 2012.  The second commitment period begins in 2013.  Under the European Union (EU) 2020 
Climate and Energy Package and its associated Effort Sharing Decision in 2009 (406/2009/EC), the 
non-emissions trading sectors (ETS) of which agriculture is a part, must reduce GHGs by 20% by 
2020, compared to 2005 levels.  The agriculture sector makes up over 40% of Ireland’s non-ETS 
emissions.  Of the total N2O emissions in Ireland, 81% is from agriculture.  In order to meet national 
climate change commitments, a reduction in N2O emissions from Irish agriculture is required.  
Grassland comprises 90% of the agricultural land area in Ireland, the majority of which is permanent 
grassland grazed by ruminant animals.  Of the N ingested by the grazing animal, 60-90% is returned to 
the pasture in urine and dung (Haynes and Williams, 1993).  As the amount of N in the diet increases, 
the proportion of N excreted in the urine increases (Barrow and Lambourne, 1962), mostly in urea 
form (Petersen et al., 1998).  The rate of N deposited in a urine patch varies from 400 to over 1000 kg 
N ha
-1
 (Haynes and Williams, 1993; Jarvis et al., 1995).  The amount of N deposited far exceeds the N 
requirement of the pasture, hence the extra N is vulnerable to loss in pathways such as denitrification 
and leaching (de Klein and van Logtestijn, 1994; Fraser et al., 1994; Di and Cameron, 2002b).  Urine 
N is particularly vulnerable to loss of N2O-N via partial denitrification in the autumn and winter period 
when the temperature is low, rainfall is high and pasture growth is low (Allen et al., 1996).  Extensive 
research has been carried out which identified urine deposition in grazed pasture as the major source 
of N2O emissions (Monaghan and Barraclough, 1993; Anger et al., 2003; Di and Cameron, 2008).  
The IPCC default emission factor (EF) used in Ireland for indirect N2O emissions (EF3 value) from 
urine and dung deposited during grazing is 2% under pasture, paddock and range (IPCC, 2006).  Few 
studies have measured EF3 from different soil types in Ireland and those that have focussed on the N 
fertiliser-induced default emission factor (EF1) (Hyde et al., 2006; Rafique et al., 2011).  Furthermore, 
no Irish studies were found in the literature reporting direct N2O emissions from urine patches.  
Research in New Zealand found that the EF3 value varied depending on soil type and drainage class 
(de Klein et al., 2003), and country-specific emission factors were adopted (Clough et al., 2007).  
Further work is required to define EF3 values for Ireland, particularly in relation to N inputs from urine 
deposited during grazing. 
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Previous laboratory studies have produced conflicting results on the influence of urine N loading rate 
on N2O emissions (Clough et al., 2003; van Groenigen et al., 2005b).  The EF for N2O decreased in 
response to increasing urine N rates of 0 to 1000 kg N ha
-1
 in a lab study (Clough et al., 2003).  
Conversely, no effect of urine N on the EF for N2O was found in another laboratory (van Groenigen et 
al., 2005a) and field study (van Groenigen et al., 2005b). Velthof et al. (1997) showed a linear 
increase in cumulative N2O emissions and an increasing EF for N2O in response to mineral fertiliser N 
application rates of 0-300 and 0-880 kg N ha
-1
.  Hence, a review of the literature does not provide a 
conclusion on the effect of fertiliser or urine N application rate on the EF for N2O.   
In terms of mitigation strategies to reduce N2O emissions from grazed pastures, two potential options 
are: (1) the use of dietary manipulation of ruminants to reduce N excretion and (2) the application of 
dicyandiamide (DCD) nitrification inhibitor to reduce N losses from the excreted N.  Dietary 
manipulation trials indicated that the N concentration of ruminant urine may be reduced, for example 
by a reduction in dietary crude protein, however results are mixed (Mulligan et al., 2004; Misselbrook 
et al., 2005; Meade et al., 2011; Whelan et al., 2011).  Assuming the range of urine N concentrations 
corresponded to a range of urine N rates in the field (equal urine volumes), the potential reductions in 
total N2O production achieved using dietary manipulation could be estimated.  The application of the 
nitrification inhibitor DCD has been used in grazed pastures to target urine patch N2O losses, and has 
produced an average reduction in total N2O emissions by an average of 70% on a range of soils (Di 
and Cameron, 2002d, 2003; Di et al., 2007; Hoogendoorn et al., 2008; Singh et al., 2009).  The 
inhibitor reduces the accumulation of nitrate (NO3
-
) by inhibiting the activity of nitrifying bacteria (Di 
et al., 2009), thereby reducing N substrate for denitrification.  DCD was not commercially available in 
Ireland at the time of writing and its effect on N2O emissions under Irish conditions had not been 
quantified, except in a preliminary study (Dennis, 2009).     
The specific research question we addressed was: what is the effect of urine N rate (as a function of N 
concentration) and DCD nitrification inhibitor on cumulative N2O emissions in the field? 
The hypotheses for the study were: 
1. That an increase in urine N rate would increase cumulative N2O emissions and that the 
relationship would be linear. 
2. That the EF3 for N2O would increase with an increase in the urine N rate. 
3. That the DCD nitrification inhibitor would significantly reduce cumulative N2O emissions, 
irrespective of the rate of urine N applied. 
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4.2 Methods 
4.2.1 Experimental treatments 
Two experiments were conducted to test the hypotheses.  Each experiment consisted of single autumn-
applied urine application to lysimeters in year one and year two.  Urine was applied on 15 December 
2009 in year one and 28 December 2010 in year two.  Two litres of urine was applied over the centre 
of each lysimeter.   DCD was applied in split applications, as per commercial practice in New Zealand 
(Di and Cameron, 2006), at rates of 15 kg ha
-1
 per application on 16 December 2009 and 17 February 
2010 in year one and on 29 December 2010 and 8 March 2011 in year two.  A summary of the 
treatments applied to lysimeters in years one and year two are shown in Table 4.1.  Further detail on 
the treatments is described in Section 3.4.   
Table 4.1:  Summary of treatments applied to lysimeters in year one and year two. 
Treatment name Description 
Control No N 
Fertiliser 275 kg N ha
-1
 (year one); 306 kg N ha
-1
 (year two) 
U300 300 kg N ha
-1 
urine  
U500 500 kg N ha
-1 
urine  
U500+DCD 500 kg N ha
-1 
urine; 30 kg DCD ha
-1
 (split applications) 
U700 700 kg N ha
-1 
urine  
U1000 1000 kg N ha
-1 
urine  
U1000+DCD 1000 kg N ha
-1 
urine; 30 kg DCD ha
-1
 (split applications) 
 
No artificial N fertiliser was applied in the urine treatments.  The N fertiliser treatment was applied in 
split N applications to lysimeters as granulated urea and calcium ammonium nitrate (CAN) (Table 4.2) 
following established practice on an Irish dairy farm for a stocking rate of 3 cows ha
-1
 (Teagasc, 
2008).  The fertiliser was in granule form and was spread evenly over the surface of the lysimeter by 
hand.  Cumulative N2O emissions from the fertiliser treatment lysimeters in year one received no N 
fertiliser over the 80 day measurement period.  In year two, the fertiliser treatment lysimeters received 
85 and 306 kg N ha
-1
 during the 80 and 360 day periods respectively.  From henceforth, the fertiliser 
treatment in year one was excluded.  
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Table 4.2:  Nitrogen fertiliser application schedule in years one and two. 
Month 
Application rate 
(kg N ha
-1
) 
Fertiliser form* 
Jan/Feb 31 (ex. year one) Urea 
March 54 Urea 
April 54 Urea 
May 56 CAN 
June 37 CAN 
July 37 CAN 
September 37 CAN 
TOTAL year one 275  
TOTAL year two 306  
*CAN – Calcium ammonium nitrate 
 
4.2.1.1 Field measurement of N2O emissions 
4.2.1.1.1 Method & apparatus 
Measurements of N2O emissions are most commonly carried out using steady state chamber methods 
(Denmead, 1979; Rochette and Eriksen-Hamel, 2008) or micrometeorological techniques (Wagner-
Riddle et al., 1997).  Chamber methods usually involve an estimate of the hourly flux of N2O from a 
soil, using gas samples taken during a period of chamber enclosure over soil, followed by analysis 
using gas chromatography (GC).   The static closed chamber method was used in this study to measure 
N2O emissions (Hutchinson and Mosier, 1981).  Recommendations have been made for a standard 
chamber methodology (Rochette and Eriksen-Hamel, 2008; Rochette, 2011) and these were followed.   
The apparatus consisted of a chamber placed over the surface of each lysimeter, fitted into a small 
trough of water which provided an air tight seal for the period of enclosure (40 minutes per sampling).  
The chamber was 100 mm in height, 500 mm in diameter and was constructed using 3 mm stainless 
steel in a circular shape to fit over the surface of a lysimeter (0.2 m
2
 area) (Plate 4.1).  Using stainless 
steel kept the temperatures inside and outside of the chamber similar.  The chamber dimensions 
allowed sufficient headspace volume for N2O accumulation within the duration of enclosure and 
sufficient height for pasture growth (following monthly trimming).  The distance to the soil surface 
(‘x’ mm, Figure 4.1) was considered when calculating chamber headspace height.  Rubber septa were 
inserted into two holes in the top of each chamber which provided a seal against the outside 
atmosphere and a port through which N2O samples could be taken from the chamber.   
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Figure 4.1:  Schematic diagram of chamber and gas ring fitted to a lysimeter for nitrous oxide 
measurement 
 
Stainless steel gas rings were permanently fitted to each lysimeter before the start of the experiment.  
The inner edge of the gas ring was inserted approximately 100 mm into the soil until the base of the 
gas ring water trough rested on the top edge of the lysimeter (Plate 4.1).  Where they joined, heavy 
duty silicone sealant was applied.  During enclosure the edges of the chamber fitted into the small 
water trough created by the stainless steel gas ring attached to the top of each lysimeter.   
4.2.1.1.2 Timing and sampling process 
Measurement of N2O emissions was carried out the day following urine application, every second day 
for approximately one month and thereafter one to two times each week.  In year one, measurement 
ceased 80 days after urine application when N2O emissions were estimated to have returned to 
background levels.  In year two, the total N2O measurement period was 360 days in order to test for 
possible N2O emissions occurring in spring, summer and early autumn after a single urine application.  
Extended measurement of N2O in year two allowed an estimate to be made of cumulative N2O 
emissions for a full calendar year.  Appendix B shows the dates N2O emissions were measured in 
years one and two.   
On each gas sampling day, measurements were carried out between 10:00 and 16:00 hours which 
facilitated measurement of two separate blocks of lysimeters for N2O as well as di-nitrogen (N2) gas in 
year two.  The gas sampling process began with filling of the gas ring troughs with water (Plate 4.1).  
In order to reduce initial pressure disturbances on the soil surface, one rubber septum was removed 
during chamber placement.  One side of the chamber was inserted into the gas ring trough, followed 
by the opposite side and the rubber septum re-inserted creating an air-tight enclosure.  Immediately 
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after chamber placement the first sample was taken (t0, time equals zero minutes), followed by 
another after 20 minutes (t20) and after 40 minutes (t40).  The chamber was removed after the t40 
sample was taken.   A lysimeter was sampled each minute, in order, beginning at lysimeter one (block 
one).  Statistical blocking of lysimeters was carried out which split sampling into two groups, block 
one and block two (Figure 3.1).  This allowed sampling to be carried out from each lysimeter in 20 
minute intervals.  Block one was sampled first, followed by block two.  
 
 
Plate 4.1:  The gas ring trough was filled with water before the chamber was carefully inserted 
Chambers were sampled by inserting a hypodermic needle attached to a 25 mL plastic syringe through 
a rubber septum into the chamber headspace.  10 mL of headspace air was then primed twice in the 
syringe before 10 mL was extracted using the syringe and transferred to a pre-evacuated 7 mL septum-
sealed glass exetainer (Labco Ltd, UK) (Plate 4.2).  The exetainer was over-pressurised to prevent 
backwards leakage of ambient air into the vial.  Samples were analysed within seven days to reduce 
potential leakage or contamination. 
 
 
Plate 4.2:  Chamber headspace air was flushed twice before a sample was extracted and 
transferred to a pre-evacuated glass exetainer using a hypodermic needle and 
plastic syringe 
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4.2.2 Analysis 
Nitrous oxide concentration was analysed using a Varian 3800 gas chromatograph (Agilent Inc., UK) 
coupled to a 
63
Ni electron capture detector (ECD) and Combi-Pal auto-sampler (CTC Analysis, 
Switzerland) (Plate 4.3).  The GC analysis process for N2O is described as follows.  Using a syringe 
and needle coupled to a Combi-Pal auto-sampler, 700 µL of sample was withdrawn from the 7 mL 
sample exetainer and inserted into the injector via a heat resistant rubber septum and transferred into 
the column.  The column oven, injector and detector temperatures were 60, 60 and 350 
o
C 
respectively.  The column was 3.75 m in length and packed with Porapack Q 80/100 mesh (Sigma 
Aldrich, UK).  High purity Argon acted as a carrier gas, flowing through the column at a rate of 35 mL 
min
-1
 enabling separation of analytes.  The carrier gas and sample analytes emerged from the end of 
the column at different retention times and the ECD detected the quantity of N2O and generated an 
electrical signal.  This signal was expressed in the form of a chromatogram on a computer.  The 
presence of N2O produced a peak at approximately 3.9 minutes from a total analysis time of 5 minutes 
(Plate 4.3).   
 
  
 
Plate 4.3:  Nitrous oxide analysis was carried out using a gas chromatograph coupled to an 
electron capture detector and auto-sampler.  The N2O peak was identified and 
the area under the peak calculated. 
 
For each sample run a calibration curve was used.  There were five calibration standards included with 
N2O concentrations of 0.2, 0.5, 1.0, 5.0, 10.0 ppm which were in the expected range of the sample 
N2O concentrations (Argo International, UK).  Identification and integration of N2O peaks was carried 
out using Varian Star Chromatography workstation version 5.51 (Varian, USA).  Quality control (QC) 
standards were included at a ratio of one QC for every ten samples analysed.  QC standard N2O 
concentrations used were 0.5, 1.0 and 5.0 ppm which were within the estimated range of emissions on 
each sampling day.   
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Gas chromatography results were expressed in parts per million by volume (ppmv) of N2O.  An 
estimate of the 95% confidence interval for the error associated with GC analysis and the natural 
variability in field measurements was calculated using control t0 measurements (a surrogate for 
atmospheric background N2O).  Where the change in N2O concentration between the first (t0) and 
second (t20) headspace sampling or the second and third (t40) headspace sampling (ΔppmvN2O) in 
any treatment was less than 0.041 ppmv in year one, or 0.053 ppmv in year two, the result may have 
been affected by GC machine error or natural variability from field measurement.  Further detail on 
the calculation of the 95% confidence interval may be found in Appendix C.1. 
4.2.3 Calculations for N2O emissions 
 
The increase in N2O accumulation in the chamber during sampling was approximately linear, 
particularly where the magnitude of N2O emissions increased.  Accordingly, a linear slope calculation 
was used to estimate the N2O flux (c1-c0)+(c2-c1)/(t1-t0)+(t2-t1) in Equation 4.1.  Further detail and 
analysis of chamber headspace N2O accumulation may be found in Appendix C.2.  For each sampling 
day, hourly N2O emissions were calculated using the following equation:  
          
((     )  (     ))                         
((     )  (     ))            
 
Equation 4.1: Calculation for hourly nitrous oxide emissions   
where: 
         = Hourly N2O emission (mg N2O-N m
-2
 hr
-1
)  
   = N2O concentration at    (µL L
-1
)  
   = N2O concentration at    (µL L
-1
) 
   = N2O concentration at    (µL L
-1
) 
   = Headspace volume of the chamber (L)* 
   = Atmospheric pressure (1 atm) 
  = Conversion factor uL to L (0.000001 L µL
-1
) 
    = Molecular weight of N in N2O (28.01 g mol
-1
)  
    = Conversion factor ug to mg (1000 mg µg
-1
) 
   = Time 1
st
 sample taken (0 hours) 
   = Time 2
nd
 sample taken (0.33 hours) 
   = Time 3
rd
 sample taken (0.67 hours) 
   = Surface area of lysimeter (0.20 m2) 
  = Universal gas constant (0.0821 L atm mol-1 K-1)  
   = Temperature (K)**  
* Chamber headspace volume (HV) = SA (0.2 m
2
) x headspace height (m) x 1000 (L m
-3
).  Headspace 
height varied between lysimeters. 
** Temperature (°C) at the soil surface during the middle of each sampling period (12:00-13:00 
hours). 
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Daily emissions were then calculated using the hourly flux, assuming it represented the average hourly 
flux of the day (Blackmer et al., 1982; de Klein et al., 2003).  For the hourly air temperature measured 
during sampling, a deviation of up to 5% from the daily average air temperature was accepted.  
Cumulative N2O emissions were calculated by integrating the calculated daily N2O fluxes and linearly 
interpolating between measurement points for each lysimeter.  The N2O EF was calculated for each 
treatment (where urine was applied) as: 
   ( )   
N2O N       (         )  N2O N       (       )
       (       )
       
Equation 4.2:  Calculation of the emission factor for nitrous oxide 
where EF (%) is the emission factor (N2O-N emitted as % urine N applied), N2O-N total treatment and 
control are the cumulative N2O emissions (kg N ha
-1
) from the urine treatment and the control 
respectively, and urine N applied is the application rate (kg N ha
-1
).  
4.2.4 Climatic measurements 
Measured variables included daily rainfall (mm), hourly air temperature (during sampling) (°C), mean 
daily air temperature (°C), grass minimum temperature (°C) and soil surface temperature (°C) which 
were obtained from the Johnstown Castle weather station situated immediately adjacent (Plate 4.4) to 
the lysimeter facility via the Met Eireann (Irish National Meteorological Service) database.  Climate 
data was displayed for seven days prior to urine application until the final day of the experimental 
period.   
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Plate 4.4:  The Johnstown Castle weather station was situated adjacent to the lysimeter facility. 
4.2.5 Statistical methods 
Statistical analysis was carried out using the general analysis of variance (ANOVA) in the Genstat 
statistical software (Genstat v14, Lawes Agricultural Trust, UK).  For temporal emissions, where the 
daily flux in any treatment exceeded 100 g N2O-N ha
-1
 day
-1
, a least significant difference (LSD) of 
95% confidence (P < 0.05) was calculated to test for significance between treatments.  The LSD was 
displayed as a bar on the temporal N2O emissions figures above its corresponding day after urine 
application. 
For cumulative emissions in each year, ANOVA was carried out on the log10-transformed cumulative 
N2O emissions to determine the difference between the two blocks, as well as the between treatment 
effects.  The ANOVA included examination of two sets of orthogonal contrasts. The first set consisted 
of the linear and quadratic contrasts for the five urine rates 0, 300, 500, 700 and 1000 kg N ha
-1
 (in the 
absence of DCD).  The second set consisted of the 2x2 factorial contrasts for the factors urine rate 
(500, 1000) and DCD (-, +).  An additional LSD (P < 0.05) was carried out on the emission factors 
calculated from the log10-transformed cumulative N2O emissions from year one and year two in order 
to test the difference between treatments. 
The term ‘quadratic’ describes the situation where there was statistically significant evidence of 
curvature in the relationship between urine N rate and cumulative N2O emissions.  Unless otherwise 
specified, the term ‘curvilinear’ was used in the discussion to describe where the quadratic curvature 
diminished with increasing urine N rate. 
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4.3  Results 
4.3.1 Climate 
Cumulative rainfall input in year one (Figure 4.2) was 272 mm which was slightly higher than the 30-
year average of 263 mm year
-1
 for the area over the same period.  Most of the rain fell in the first 40 
days after urine application (day 40 was 24 Jan 2010).  In contrast year two was drier than average 
with 241 mm cumulative rainfall (Figure 4.4).  Both seasons were colder than the 30-year average for 
the period of 6.3 
o
C, particularly year one with a mean daily air temperature of 3.8 
o
C compared with 
5.6 
o
C from year two (Figure 4.3 and Figure 4.5).  Significant snowfall events occurred two days after 
urine application (17 December 2009, year one) and eight days before urine application (20 December 
2010, year two), both of which were highly unusual for the area.  In addition several hard frosts 
occurred during both years, freezing surface soil and significantly reducing soil temperature.  
 
Figure 4.2: Daily and cumulative rainfall in the year one experiment. 
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Figure 4.3: Daily average air temperature in the year one experiment. 
 
 
Figure 4.4:  Daily and cumulative rainfall in the year two experiment. 
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Figure 4.5: Daily average air temperature in the year two experiment. 
 
4.3.2 Temporal emissions 
The durations of N2O emissions measurements were 80 days in year one and 360 days in year two.  
An increase in N2O emissions was observed the day following urine application, however emissions 
from the urine treatments were not significantly different from the control (P > 0.05) until day 9 in 
year one and day 14 in year two (Figure 4.6 and Figure 4.7, respectively).  
There were inter annual-variations in both the pattern and duration of daily N2O emissions with two 
distinct peaks occurring in year one whereas year two emissions were distributed over seven distinct 
peaks.  In year one an initial peak of 110 g N2O-N ha
-1
 day
-1
 was reached in the U300 treatment nine 
days after urine application, followed by a peak of 295 g N2O-N ha
-1
 day
-1
 in the U1000 treatment 27 
days after urine application (Figure 4.6).  Peak N2O emissions in year two were smaller and shorter in 
duration, with daily fluxes of 95, 80, 193, 151, 106, 102 and 128 g N2O-N ha
-1
 day
-1
 in the U700 
treatment, 14, 35, 43, 70, 90, 104 and 115 days after urine application, respectively (Figure 4.7).  With 
the exception of the elevated flux in the U300 treatment nine days after urine application in year one, 
N2O emissions on peak days were largest in the U700 and U1000 treatments in year one and year two.  
Treatments U300 and U500 tended to produce larger daily N2O emissions than U700 and U1000 
treatments in the first 20 days after urine application, after which the trend appeared to reverse.  Daily 
N2O emissions returned to background levels 46 days after urine application in year one and 129 days 
after urine application in year two.   
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Figure 4.6:  Temporal N2O emissions following urine application to lysimeters at varying urine 
N rates in year one. (Control is no urine, U300 is 300 kg N ha
-1
 urine, U500 is 500 
kg N ha
-1
, U700 is 700 kg N ha
-1
, U1000 is 1000 kg N ha
-1
) (Bars display 5% 
LSD). 
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Figure 4.7:  Temporal emissions following urine and fertiliser application to lysimeters at varying urine N rates in year two from a 360 day 
measurement period. (Control is no urine, U300 is 300 kg N ha
-1
 urine, U500 is 500 kg N ha
-1
, U700 is 700 kg N ha
-1
, U1000 is 1000 kg 
N ha
-1
) (Bars display 5% LSD).  
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Application of DCD reduced daily N2O emissions from urine application to soil in years one and two.  
Peak N2O emissions in year one were reduced from 295 to 74 g N2O-N ha
-1
 day
-1
 in the U1000 and 
U1000+DCD treatments, respectively, (P < 0.05) and from 84 to 40 g N2O-N ha
-1
 day
-1
 in the U500 
and U500+DCD treatments, respectively, (P < 0.05) 27 days after urine application (Figure 4.8).  In 
year two, application of DCD reduced N2O emissions from 184 to 53 g N2O-N ha
-1
 day
-1
 (P < 0.05) in 
the U1000 and U1000+DCD treatments, respectively, 43 days after urine application (Figure 4.9).  
Between 46 and 129 days after urine application daily N2O emissions appeared to increase in the DCD 
treatments relative to urine alone (Figure 4.9), however on most days the differences were not 
statistically significant.  
 
Figure 4.8:  Temporal N2O emissions following urine application to lysimeters at varying urine 
N rates and DCD application in year one. (Control is no urine or DCD, U500 is 
500 kg N ha
-1
 urine, U1000 is 1000 kg N ha
-1
 urine, U500+DCD is 500 kg N ha
-1
 
urine plus 30 kg DCD ha
-1
, U1000+DCD is 1000 kg N ha
-1
 urine plus 30 kg DCD 
ha
-1
) (Bars display 5% LSD). 
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Figure 4.9:  Temporal N2O emissions following urine application to lysimeters at varying urine N rates and DCD application in year two over a 360 
day measurement period. (Control is no urine or DCD, U500 is 500 kg N ha
-1
 urine, U1000 is 1000 kg N ha
-1
 urine, U500+DCD is 500 
kg N ha
-1
 urine plus 30 kg DCD ha
-1
, U1000+DCD is 1000 kg N ha
-1
 urine plus 30 kg DCD ha
-1
) (Bars display 5% LSD).
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4.3.3 Cumulative emissions 
Cumulative N2O emissions were calculated for both the full measurement periods of 80 and 360 days 
after urine application in years one and two respectively, and also for 80 days in year two to enable 
comparison with the year one measurement period (Table 4.3).  The cumulative N2O emissions from 
80 days after urine in year one ranged from 0.2 to 3.9 kg N2O-N ha
-1
 in the control (0 N applied) and 
U1000 treatments (1000 kg N ha
-1
 urine applied), respectively, and in year two ranged from 0.3 to 4.2 
kg N2O-N ha
-1
 in the control and U700 treatments respectively (Table 4.3).  In year two, over the 
longer measurement period of 360 days, cumulative N2O emissions ranged from 0.7 to 7.8 kg N2O-N 
ha
-1
 in the control and U700 treatments, respectively, which were higher than those reported for the 80 
day measurement period.  In both years, cumulative N2O emissions in the U700 and U1000 treatments 
were significantly larger than U300 and U500 treatments (P < 0.05) which were in turn larger than the 
control (P < 0.05).  Cumulative N2O emissions from the fertiliser treatment in year two were similar 
to those from the control after 80 days but were larger after 360 days (P < 0.05).  Urine treatments 
consistently produced significantly larger cumulative N2O emissions than the fertiliser treatment in 
year two.  
Highly significant quadratic relationships between urine N rate and cumulative N2O emissions were 
found in year one and year two (P < 0.001, Table 4.3).  The quadratic relationships were described by 
the following equations in year one (y = -5E-07x
2
 + 0.0041x + 0.1828), year two after 80 days (y = -
2E-06x
2
 + 0.0058x + 0.1743) and after 360 days (y = -2E-06x
2
 + 0.0094x + 0.5933) where y is the 
total N2O-N emissions and x is the urine N rate applied (Figure 4.10, Figure 4.11, and Figure 4.12, 
respectively).  The coefficients of determination (R
2
 values) were 0.92, 0.92 and 0.81 in year one, year 
two 80 days and year two 360 days, respectively. 
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Table 4.3:  Cumulative N2O emissions and emission factors in year one and year two as affected by urine N rate and DCD 
Treatment 
Log mean cumulative N2O emitted  
(log kg N2O-N ha
-1
)
1
 
Back-transformed mean 
cumulative N2O emitted 
(kg N2O-N ha
-1
)
1
 
Urine emission factor  
(% N applied)
2
 
% reduction by DCD
3
 
  
Year 1 
(80 days) 
Year 2 
(80 days) 
Year 2  
(360 days) 
Year 1 
(80 days) 
Year 2 
(80 days) 
Year 2 
(360 days) 
Year 1 
(80 days) 
Year 2 
(80 days) 
Year 2  
(360 days) 
Year 1 
(80 days) 
Year 2 
(80 days) 
Year 2 
(360 days) 
Control -0.784 d -0.588 c -0.180 e 0.164 0.258 0.661 --- 
 
--- 
 
--- 
    Fertiliser --- 
 -0.581 c 0.120 d 0.149 0.262 1.318 --- 
 
--- 
 
--- 
    U300 0.240 b 0.276 b 0.578 bc 1.738 1.888 3.784 0.32 a 0.15 a 0.24 a 
   U500 0.213 b 0.264 b 0.501 c 1.633 1.837 3.170 0.18 b 0.08 b 0.13 bc 
   U700 0.542 a 0.623 a 0.892 a 3.483 4.198 7.798 0.18 b 0.11 ab 0.15 bc 
   U1000 0.594 a 0.565 a 0.867 a 3.926 3.673 7.362 0.13 c 0.07 bc 0.10 c 
   U500+DCD -0.195 c 0.277 b 0.585 bc 0.638 1.892 3.846 0.11 cd 0.09 b 0.14 bc 60.9 NS NS 
U1000+DCD 0.054 b 0.266 b 0.775 ab 1.132 1.845 5.957 0.08 d 0.04 c 0.09 c 71.2 49.8 NS 
LSD (0.05)
4
 0.188 
 0.207 
 
0.211 
 
--- --- --- 0.033 
 
0.039 
 
0.039 
    Significance of contrasts
5
 
                  Urine rate effect
6
 
                  Linear *** 
 
*** 
 
*** 
             Quadratic *** *** *** 
Urine rate*DCD
7
 
                  Main effect urine rate *** 
 
NS *** 
             Main effect DCD *** 
 
NS NS 
             Interaction NS  *   NS              
1
 Log (base 10) used to calculate log-transformed means.  Back-transformed means calculated using 10^(logmean)=back-transformed mean. 
2
 Urine EF% = [((N2O-N total, urine) – (N2O-N total, control)) / (N2O-N total, urine)] x 100. 
3 
% reduction by DCD = [((N2O -N total-urine) – (N2O -N total-DCD)) / (N2O -N total, urine)] x 100.  Value displayed where significant P < 0.05. 
4
 Letters indicate a significant difference between two treatments at p < 0.05.  Least significant difference (5%) calculated from all treatments including control.   
5
 Significance of contrasts expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant p>0.05. 
6
 Urine rate effect based on 5 urine treatments including control. 
7
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
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The application of DCD significantly reduced cumulative N2O emissions in year one from 3.9 to 1.1 
kg N2O-N ha
-1
 where 1000 kg N ha
-1
 urine was applied.  This corresponded to a reduction of 71% (P < 
0.05; Table 4.3).  In the 500 kg N ha
-1
 urine treatment, DCD reduced cumulative N2O emissions from 
1.6 to 0.6 kg N2O-N ha
-1
 which corresponded to a reduction of 61% (P < 0.05).  Over the 80 day 
measurement period in year two, a 50% reduction in cumulative N2O emissions, from 3.7 to 1.8 kg 
N2O-N ha
-1
 was observed in the U1000+DCD treatment (P < 0.05) while there was no significant 
difference in the U500+DCD treatment.  Over the longer measurement period of 360 days, no 
significant reduction in N2O emissions with DCD application was observed at either of the urine N 
rates.  The 2x2 factorial of urine rate*DCD shows that the main effect of DCD on cumulative N2O 
emissions was highly significant in year one, but not so in year two irrespective of the period of 
measurement.  The main effect of urine N rate was highly significant in year one and from the 360 day 
measurement period in year two, but not significant for the shorter measurement period.  A significant 
interaction between urine N rate and DCD on cumulative N2O emissions was observed after 80 days 
of measurement in year two. 
Emission factors (EF3 values) for N2O in year one and year two remained below 0.4% from urine N 
applied in all treatments (Table 4.3).  With increasing urine N applied, the EF3 value appeared to 
decrease.  The largest EF3 value was 0.32% where 300 kg N ha
-1
 urine was applied in year one.  There 
was a trend to a reduction in EF3 value with use of DCD, and significant reductions were observed 
where urine was applied at 500 and 1000 kg N ha
-1
 in year one (P < 0.05).  However there was no 
consistent effect of DCD or urine N rate on EF3 values  in year two. 
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Figure 4.10:  The relationship between urine N rate and cumulative N2O emissions in year one. 
 
Figure 4.11:  The relationship between urine N rate and cumulative N2O emissions in year two 
over an 80 day measurement period. 
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Figure 4.12:  The relationship between urine N rate and cumulative N2O emissions in year two 
over a 360 day measurement period. 
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4.4 Discussion 
4.4.1 Effect of urine N rate on N2O emissions 
An increase in urine N rate resulted in an increase in the total amount of N2O-N emitted and the 
relationship was curvilinear (quadratic).  Similar results from a range of N inputs have been reported, 
with a linear increase in total N2O emissions of 0.5 to 4.7 kg N2O-N ha
-1
 from artificial N fertiliser 
rates of 0 to 880 kg N ha
-1
 in split applications (Velthof et al., 1997), and an exponential increase 
observed in a laboratory study of urine rates of 0 to 570 kg N ha
-1
 (Singh et al., 2009).  The 
stimulatory effect of urine on N2O emissions may be attributed to increases in N substrate (Williams et 
al., 1999), soluble C and water-filled pore space (WFPS) (reducing O2 availability).  If N substrate 
availability was the limiting factor controlling N2O production, then it follows that increasing rates of 
N would produce an increase in total N2O emissions. 
Despite an increase in the total N2O emissions, the emission factor for N2O varied little and decreased 
slightly with increasing urine N rate.  Conflicting evidence exists in the literature for the expected EF3 
response to increasing N inputs. Clough et al. (2003) reported a reduction in EF3 ranging from 6.4% in 
the 100 kg N ha
-1
 urine rate and 0.5% in the 1000 kg N ha
-1
 urine rate, which agrees with the findings 
of the current study.  However, other studies have found that the EF3 value for N2O increased with 
increasing urine N rate (Singh et al., 2009) and increasing fertiliser N rate  (Ryden, 1983; Velthof et 
al., 1997) while van Groenigen et al. (2005a; 2005b) found no effect of urine N on EF3 in laboratory 
or field studies. 
One possible explanation for the decreasing trend in the EF3 value with increasing urine N rate is that 
the extra N was removed from the potentially available N pool for N2O production via an alternate 
pathway of N transformation.  Possible loss pathways include N leaching, plant N uptake, NH3 
volatilisation, emissions of other NOx gases or molecular N (N2), immobilisation, or a combination of 
these.   The quantity of N loss from leaching also increased in a curvilinear relationship with 
increasing urine N rate (Section 5.3).  The removal of this N probably reduced the pool of N available 
for N2O production.   
In order to explain the trends in total N2O emissions and EF3 values, the sources and rates of N 
transformation and N2O production would need to be defined, which was beyond the scope of this 
study.  The pattern and duration of temporal N2O emissions varied between years which was probably 
brought about by interactions between climatic and soil conditions.  N2O is produced by both 
nitrification and denitrification (Skiba et al., 1993; Carter, 2007). The relative contributions of 
nitrification and denitrification to N2O emissions in fertilised soils are principally defined by changes 
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in WFPS (Bateman and Baggs, 2005), rather than by N & C sources, which are likely to be non-
limiting in a urine patch (Firestone and Davidson, 1989).  The optimum range in WFPS for N2O 
production was found to be 60 to 70% (Linn and Doran, 1984), above which denitrification was the 
major contributor to N2O production, whereas below, nitrification was the major contributor (Bateman 
and Baggs, 2005).  In another study of the sources of N2O production from the urine patch, 43% of 
N2O was derived from nitrification with the remainder from denitrification on a free-draining soil (Di 
and Cameron, 2008).  Indeed the contribution of nitrifier denitrification is being increasingly 
recognised as a major contributor to N2O production from fertilised soils (Wrage et al., 2001; Kool et 
al., 2011). It is likely that both nitrification and denitrification contributed to the total N2O production 
in this study, and that both produced the difference in the temporal flux profiles between years. 
Production of N2O may be derived from both applied-N and soil-N (Lampe et al., 2006).  Furthermore 
a priming effect of urine was detected where the contribution of soil-derived N to total N2O was 50% 
from 
15
N-labelled urine and 5% from 
15
N-labelled urea (Di and Cameron, 2008). The priming effect 
has been suggested (Wachendorf et al., 2005; Di and Cameron, 2008), but rarely quantified which is 
possibly related to the difficulties in measurement of mineralisation and immobilisation in soil 
(Davidson et al., 1991).  A priming effect on N2O emissions due to the addition of extraneous labile C 
in urine and slurries has also been observed, with a doubling of emissions compared to the application 
of an equivalent rate of N only (Rochette et al., 2000; Mueller et al., 2011).  
15
N balances from urine 
patches have shown that immobilisation can account for 10 to 23% of the N in a urine patch 
(Whitehead and Bristow, 1990; Fraser et al., 1994; Clough et al., 1998) which is likely to be due to the 
assimilation of N by microbes.  Little research exists which quantifies net mineralisation rates in 
pastoral soils (Mishra et al., 2005), mostly due to the confounding effect of immobilisation (Davidson 
et al., 1991).  Hence it is likely that the two processes are occurring simultaneously in the urine patch 
and that this cycling of N resulted in a significant contribution of soil N to total N2O production in this 
study.  Further research is required into the contribution of mineralisation and immobilisation 
processes to N2O production and indeed urine patch N dynamics. Mineralisation and immobilisation 
are discussed in Section 7.3 using a 
15
N balance from urine applied at 1000 kg N ha
-1
 with and without 
DCD.  
An apparent grouping of treatments was observed in years one and two where cumulative N2O 
emissions from 300 and 500 kg N ha
-1
 urine rates were statistically the same and 700 and 1000 kg N 
ha
-1
 urine rates were the same, with the two groupings significantly different from each other (Table 
4.3).  Clough et al. (2003) reported repression of N2O production where urine was applied at 1000, but 
not 100, 250 or 500 kg N ha
-1
.  The authors related this to the ammonia (NH3) inhibition of 
nitrification resulting in nitrite (NO2
-
) accumulation and suggested a link between nitrification and 
N2O production.  Elevated pH conditions (pH >7) following urea hydrolysis in the urine patch can 
produce NH3 inhibition of nitrification, observed elsewhere e.g. Smith et al. (1997).  Alternatively, 
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acidic conditions (pH <5) following nitrification may generate emissions of NO and NO2 (Chalk and 
Smith, 1983), N2O (Haynes and Sherlock, 1986) and N2 (Spott et al., 2011).  Evidently, more research 
is required to understand the effect of N substrate additions on the relative sizes of inorganic N pools 
and N-gas emissions. 
4.4.2  Effect of DCD application on N2O emissions 
The application of DCD following urine application reduced short-term cumulative N2O emissions in 
year one by 61 and 71% where urine was applied at 500 and 1000 kg N ha
-1
.  These reductions are 
comparable to a range of studies (Di and Cameron, 2002c, 2006; Di et al., 2007; Hoogendoorn et al., 
2008; Zaman and Blennerhassett, 2010; de Klein et al., 2011), one of which produced an average 
reduction in cumulative N2O of 70% for a range of soil types (Di et al., 2007).  The reduction in 
cumulative N2O emissions in the 500 kg N ha
-1
 treatment was less than that in the 1000 kg N ha
-1
 
treatment in year one, indicating that the efficacy of DCD increased with increasing urine N rate.  In a 
lab study, Singh et al. (2009) measured N2O emissions from urine N rates of 14.4, 29.0 and 57.0 g N 
m
-2
 applied to soil cores with and without DCD, and found increasing reductions of 33, 56 and 80% 
respectively with DCD.  The results suggest that the inhibition of nitrifying bacteria, predominantly 
ammonia-oxidising bacteria (AOB) (Di et al., 2009), by DCD remained the same despite increasing 
inputs of N, and the year one results support this hypothesis. 
The efficacy of DCD was reduced in year two compared to year one.   A significant urine rate*DCD 
interaction was produced after 80 days in year two because of the combination of a significant 
reduction in cumulative N2O emissions at the 1000 level and no change at the 500 level.  From days 0 
to 46 post urine application, temporal N2O emissions were close to background in the DCD treatments, 
however after day 46 an increasing trend in DCD treatments was observed, with N2O emissions 
eventually matching those in the urine treatments.  Where the longer measurement period of 360 days 
in year two was taken into account, cumulative N2O emissions in the DCD treatments effectively 
doubled, and no significant reduction in emissions was observed at either urine N rate.   A reduction in 
the efficacy of DCD was probably a result of one or a combination of: organic matter fixation, 
assimilation by microbes, decomposition or leaching.  Decomposition of DCD has been related to 
temperature (Di and Cameron, 2004a; Kelliher et al., 2008), with a temperature of below 10 °C 
corresponding with consistent DCD efficacy at reducing N2O production.  Sorption of DCD onto 
organic matter surfaces has been reported whereby functional groups on the DCD molecule (-NH2 and 
=NH) form hydrogen bonds with carboxyl groups (-COOH) (Zhang et al., 2004).  In addition, 
Shepherd et al. (2012) showed that 16 to 46% of the DCD applied was leached from clay, silt loam 
and sandy loam soils via mainly convective-dispersive flow and therefore drainage volume was the 
main driver for DCD leaching.  Monaghan et al. (2009) observed leaching of DCD following a 
significant rainfall event, most likely the result of preferential flow.  Given that temperatures in the 
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current study remained below 10 °C until 90 days after urine application in year two (Figure 4.5), the 
degradation rate of the DCD would have been low.  Significant rainfall and drainage during winter on 
the free draining soil type, and vertical movement of DCD down the soil profile were probably the 
main causes of the reduction in DCD efficacy in this study.   
As suggested above, it is likely that high drainage rates during winter leached a proportion of the DCD 
from the soil.  Nitrification in the DCD treatments was then able to proceed and accumulated 
ammonium (NH4
+
) was emitted as N2O via nitrification and/or denitrification, producing similar 
cumulative N2O emissions to those produced in the urine only treatments.  If the accumulated NH4
+
 is 
not utilised by plants, it remains vulnerable to loss via N2O production or leaching.  N2O production in 
the DCD treatments returned to background levels 129 days after urine application in year two.  This 
finding suggests that if the amount and efficacy of DCD in the soil could be maintained until the end 
of the main N2O-producing period (i.e. winter) for example using additional DCD applications, N 
could be saved.  Moreover, the saved N in this scenario may be available for plant uptake under 
suitable conditions (i.e. spring).  This study highlights the need for further research on the movement 
of DCD through soil, and the transformations and fate of the N saved with use of DCD.  
4.4.3  Duration of N2O measurement 
Sampling for N2O following N application in the literature is recommended until the daily N2O flux 
has returned to background levels (de Klein et al., 2003), which is, in many studies, less than 180 days 
after N application (Clough et al., 1998; Di et al., 2007).  In year one this period was 80 days.  In year 
two the daily flux returned to background levels 129 days after urine application.  Cumulative N2O 
emissions were compared over the same measurement period, 80 days, and were similar.  The range in 
cumulative N2O emissions changed little from 0.4 to 7.3 kg N2O-N ha
-1
 after 129 days (data not 
presented) to 0.7 to 7.8 kg N2O-N ha
-1
 after 360 days.  This finding supports the recommendation to 
cease sampling when the daily flux of N2O returns to background levels, which may be confirmed by 
extra sampling days. 
4.4.4 EF3 values 
Irrespective of the N2O emissions measurement period and the urine N rate applied, the EF3 values for 
N2O from the urine and DCD treatments remained below 0.4% in year one and year two.  This was at 
the lower end of the 0.1 to 3.8% range in N2O EFs found by Oenema et al. (1997) for urine patches in 
grazed pasture, but expected from a free-draining soil type (de Klein et al., 2003).   
Importantly, all of the EF3 values were well below the 2% default value for N deposited during 
grazing by the IPCC for Ireland (IPCC, 2007).  This supports the finding by de Klein et al. (2003), 
which concluded that a single EF3 value for New Zealand was not appropriate, and that soil type and 
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drainage characteristics produced a range of EF3 values.  A range of 0.3 to 2.5% EF3 for urine was 
specified, where the highest EF3 value was from a poorly-drained soil and the lowest was from a well-
drained stony soil (de Klein et al., 2003).  A country-specific EF3 value (direct emissions from N 
excreted by grazing animals) of 1% has been adopted for New Zealand’s GHG inventory reporting 
(Clough et al., 2007), and may be similarly appropriate for Ireland.  DCD is an effective mitigation 
tool both in terms of total N2O emissions and EF3, providing it remains in the topsoil throughout the 
period of greatest potential N2O loss.  Therefore, further research is required to: (1) define EF3 values 
specific to Ireland’s soil types, drainage characteristics and N inputs, and (2) further validate and 
define the effect of DCD on N2O emissions for a range of soil types in Ireland.  Using this 
information, it is likely that country-specific emission factors for N2O will be produced for Ireland.  
4.4.5  Discussion summary 
 The increasing cumulative N2O emissions with an increase in the urine N loading rate was 
probably a result of higher N availability for N2O production with increasing urine N rate.  
 The observed curvilinear trend in cumulative N2O emissions and the decreasing emission 
factor for N2O with increasing urine N rate, was possibly the result of a removal of N via 
alternate pathways or transformations such as leaching, immobilisation or other N-gas loss. 
 The efficacy of DCD varied with urine N rate and between experimental years.  DCD was 
effective at reducing N2O production for 50 to 80 days after urine application which accounted 
for the major period of elevated daily flux.  However, DCD was ineffective at reducing N2O 
production after this period, likely a result of its removal from the system via leaching.  DCD 
must be maintained in the soil at a sufficient level over the period of greatest N2O loss 
potential, for example with additional DCD applications during winter.   
 Period of measurement of N2O production was important for calculations of annual N2O 
emissions.  Ensuring that the daily N2O flux has indeed returned to background levels should 
be confirmed, for example, by additional sampling days.  
 Further study is required on the sources of N2O production (origin of N and processes) from 
urine N applied to grassland using for example 
15
N isotopes.  Additionally, more information 
is required on the movement of DCD in soils and its effect on the transformations of N. 
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4.5 Conclusions 
Increasing urine N rate resulted in an increase in cumulative N2O emissions, thus confirming the first 
hypothesis.  An increase in the N availability for N2O production increases the total N2O emissions in 
the field, apparently irrespective of the spatial and temporal variability in N2O production, or the 
source pathway in which N2O was produced.  The curvilinear trend in cumulative N2O emissions at 
the higher urine N rates was likely to be a result of N being utilised in another pathway, such as 
leaching, pasture N uptake, immobilisation or complete denitrification.  The EF3 values for this free 
draining soil type were considerably lower than the IPCC default value of 2% used in Ireland for all 
soils for urine patches deposited during grazing under pasture, paddock and range.  The second 
hypothesis was rejected because the EF3 value for N2O under varying N rates decreased slightly, 
possibly as a result of N loss via leaching.  DCD reduced cumulative N2O emissions in some cases 
which was comparable to previous work.  In year one, DCD significantly reduced the N2O emissions, 
irrespective of the rate of urine N applied and therefore the third hypothesis is correct for the first year.  
However, DCD did not significantly reduce N2O emissions at both rates in the year two experiment 
and thus further work is required to rigorously test the hypothesis over a number of years.  Total N2O 
emissions following DCD application were not consistent from year to year.  The efficacy of DCD 
was most likely reduced by its removal from the soil via leaching.  In order to reduce cumulative N2O 
emissions from urine, DCD must remain in the soil at a sufficient concentration for the duration of the 
autumn and winter period.  
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Chapter 5 
Nitrogen leaching 
5.1  Introduction 
Nitrogen pollution of waterways is an area of increasing concern globally.  One of the major sources 
of this pollution is N leaching from grassland agriculture (Ryden et al., 1984; Barraclough et al., 1992; 
Di and Cameron, 2002b).  Leaching of N, in particular nitrate-N (NO3
-
-N) can to contribute to 
eutrophication (Stark and Richards, 2008), human health problems (Addiscott and Benjamin, 2004) 
and represents a significant economic loss of N from farming systems.  There are several forms of 
legislation influencing the management of water quality in Ireland.  The European Union (EU) 
adopted a limit of 11.3 mg NO3
-
-N L
-1
 concentration in drinking water under the Drinking Water 
Directive (98/83/EEC).  Under the Water Framework Directive introduced in 2000, member states are 
required to achieve ‘good’ status of all surface, ground and coastal waters by 2015 (2000/60/EC).  
More recently, the implementation of the Nitrates Directive in Ireland (SI 378, 2006) set a limit on the 
quantity of N from livestock manure deposited either mechanically or directly by grazing animals of 
170 kg N ha
-1
.  Consequently, fertiliser N use and animal numbers in Ireland declined by 23% and 8%, 
respectively, from 1999 to 2006 (Humphreys, 2008). 
Approximately 90% of the agricultural land area in Ireland is under permanent grassland, the majority 
of which is grazed by ruminant animals.  Of the N ingested by the grazing animal, 60-90% is returned 
to the pasture in urine and dung (Haynes and Williams, 1993).  As the amount of N in the diet 
increases, the proportion of N excreted in the urine increases (Barrow and Lambourne, 1962), mostly 
in urea form (Petersen et al., 1998).  The rate of N deposited in a urine patch varies from 400 to over 
1000 kg N ha
-1
 (Haynes and Williams, 1993; Jarvis et al., 1995).  The pasture is unable to utilise all of 
the N deposited in a urine patch so the extra N is vulnerable to loss in pathways such as denitrification 
and leaching (de Klein and van Logtestijn, 1994; Fraser et al., 1994; Di and Cameron, 2002b).  Urine 
N is particularly vulnerable to leaching loss in the autumn and winter period when the temperature is 
low, rainfall is high and pasture growth and N uptake is reduced (Di and Cameron, 2002a; Decau et 
al., 2003).   
Despite recent reductions in animal numbers and N fertiliser inputs, the Food Harvest 2020 report 
from the Irish Department of Agriculture, Food and the Marine set targets for agricultural production, 
one of which was a 50% increase in milk production in Ireland by 2020 (DAFM, 2011).  These goals 
are likely to be met by an increasing reliance on low-cost 100% grass systems and the use of an 
extended grazing season, similar to New Zealand.  Thus the importance of urine patch N losses in Irish 
grazing systems must be accounted for accurately and methods developed to reduce these losses.   
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The nitrification inhibitor dicyandiamide (DCD) is used to target urine N leaching losses in grazed 
pastures in New Zealand.  The inhibitor reduces the rate of oxidation of ammonium (NH4
+
) to NO3
-
 by 
inhibiting the activity of nitrifying bacteria (Di et al., 2009).  Application of DCD has been shown to 
reduce NO3
-
-N leaching losses from urine patches by up to 83% (Di and Cameron, 2002c, 2004b, 
2005, 2007; Menneer et al., 2008b; Singh et al., 2009), reduce nitrous oxide (N2O) emissions by 70% 
(Di and Cameron, 2006, 2008; de Klein et al., 2011) and through uptake of accumulated NH4
+
-N, 
increase pasture dry matter yield (Moir et al., 2007; Carey et al., 2012).  The percentage reduction in 
the amount of NO3
-
-N leached with increasing urine N rate and DCD application has been shown to 
decrease (Di and Cameron, 2007), or to remain the same (Singh et al., 2009).  Recent research 
conducted in Ireland showed reductions in NO3
-
 leaching of 38-42% by DCD from urine and fertiliser 
N inputs of up to 300 kg N ha
-1
 (Dennis, 2009; Dennis et al., 2012).  This work highlighted the 
research need to quantify the NO3
-
-N leaching loss from a wider range of urine N inputs and to further 
quantify the effects of using nitrification inhibitor technology to reduce these losses under Irish 
conditions.  Another potential mitigation option to reduce N leaching losses is the use of dietary 
manipulation to reduce N excretion by grazing animals.  Dietary manipulation trials indicated that the 
N concentration of cattle urine may be reduced, for example by a reduction in dietary crude protein, 
however results are mixed (Mulligan et al., 2004; Misselbrook et al., 2005; Whelan et al., 2011).  
Assuming the range of urine N concentrations corresponded to a range of urine N rates in the field 
(equal urine volumes), then the potential reductions in total N leaching achieved using dietary 
manipulation could be estimated. 
Previous work has been carried out on the effects of varying urine N concentrations on urine patch N 
dynamics (Williams and Haynes, 1994; Shand et al., 2000), and varying N loading rates representing 
different animal grazing systems on NO3
-
-N leaching losses (Di and Cameron, 2007; Hoogendoorn et 
al., 2011; Moir et al., 2012a).  One study showed an increase in the cumulative NO3
-
-N leached from 
urine N applied at 300, 700 and 1000 kg N ha
-1
 (Di and Cameron, 2007).  Decau et al. (2004) 
suggested that the amount, concentration and timing of urine N applied were the most important 
factors affecting N leaching.  Most of the research on N leaching losses has focused on NO3
-
-N 
leaching alone, because it is usually the major form of N leached in grazed pasture systems.  Recent 
research has highlighted the importance of leaching losses of forms of N other than NO3
-
 in grazed 
pastures, such as dissolved organic N (DON) and ammonium-N (Wachendorf et al., 2005; van Kessel 
et al., 2009; Shepherd et al., 2010; Hoogendoorn et al., 2011).  Indeed all forms of N leached can have 
detrimental effects on the environment (Stark and Richards, 2008).  Few data exist on the leaching 
losses of forms of N other than NO3
-
 from the application of varying urine N rates. 
The objectives of the current study were to quantify the relationship between urine N application rate 
(as a function of N concentration) and the amount of N leached from a grazed pasture in Ireland, with 
and without the nitrification inhibitor DCD.   
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The hypotheses for the study were: 
1. That an increase in the rate of urine N applied would increase the cumulative amount of NO3
-
-
N leached, from the urine N applied.  
2. That an increase in the rate of urine N applied would affect the relative proportions of the N 
leached. 
3. That an increase in the rate of urine N applied would increase the amount of N leached as 
NH4
+
, NO2
-
 and DON. 
4. That DCD nitrification inhibitor would reduce the cumulative amount of N leached regardless 
of the rate of urine N applied. 
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5.2  Materials and methods 
5.2.1 Experimental treatments 
Two experiments were conducted to test these hypotheses.  Each experiment consisted of a single 
autumn-applied urine application to lysimeters.  Urine was applied on 15 December 2009 in year one 
and 28 December 2010 in year two.   Two litres of urine was applied over the centre of each lysimeter.  
DCD was applied in split applications, as per commercial practice in New Zealand (Di and Cameron, 
2007), at a rate of 15 kg ha
-1
 per application on 16 December 2009 and 17 February 2010 in year one 
and on 29 December 2010 and 8 March 2011 in year two.  The annual rate of 30 kg DCD ha
-1
 was 
higher than the recommended rate in New Zealand, but was used to account for higher drainage 
volumes under Irish conditions (Dennis et al., 2012).  A summary of the treatments applied to 
lysimeters in years one and year two is shown in Table 5.1.  Further treatment details are described in 
Section 3.4.   
Table 5.1:  Summary of treatments applied to lysimeters in year one and year two. 
Treatment name Description 
Control No N 
Fertiliser 275 kg N ha
-1
 (year one); 306 kg N ha
-1
 (year two) 
U300 300 kg N ha
-1 
urine  
U500 500 kg N ha
-1 
urine  
U500+DCD 500 kg N ha
-1 
urine; 30 kg DCD ha
-1
 (split applications) 
U700 700 kg N ha
-1 
urine  
U1000 1000 kg N ha
-1 
urine  
U1000+DCD 1000 kg N ha
-1 
urine; 30 kg DCD ha
-1
 (split applications) 
 
The N fertiliser treatment was applied in split N applications to lysimeters as urea and calcium 
ammonium nitrate (CAN) (Table 5.2) following established practice on an Irish dairy farm for a 
stocking rate of 3 cows ha
-1
 (Teagasc, 2008).  The fertiliser was in granule form and was spread evenly 
over the surface of the lysimeter by hand.  No mineral N fertiliser was applied in the urine treatments.  
The fertiliser and control treatment lysimeters received the equivalent volume of urine (2 L), as water.   
A bromide (Br
-
) tracer was included in all treatments to measure the leaching breakthrough curve. The 
tracer was applied in the form of potassium bromide (KBr), which was dissolved in the treatment 
solution (urine or water) at an application rate of 40 kg Br
-
 ha
-1
.  The rate was calculated using an 
estimated target Br
-
 concentration in drainage water which was within the detection limits for Br
-
 
analysis. 
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Table 5.2:  Nitrogen fertiliser application schedule in years one and two. 
Month 
Application rate 
(kg N ha
-1
) 
Fertiliser form* 
Jan/Feb 31 (ex. year one) Urea 
March 54 Urea 
April 54 Urea 
May 56 CAN 
June 37 CAN 
July 37 CAN 
September 37 CAN 
TOTAL year one 275  
TOTAL year two 306  
*CAN – Calcium ammonium nitrate 
 
5.2.2 Field measurement of N leaching 
Drainage water was collected in 10 L vessels which were connected to the base of each lysimeter via a 
pipe (Plate 5.1).  Sampling of drainage water was carried out following rainfall and subsequent 
drainage.  The dates on which sampling of drainage water was carried out are shown in Appendix B.  
Sampling ceased when the total N concentration reached background levels, which was 274 and 358 
days following urine application in years one and two, respectively.     Individual lysimeter drainage 
rates were similar and the average volume of drainage in a collection vessel at sampling was 6.2 L 
which corresponded to approximately 31 mm rainfall.  The volume of drainage water was measured as 
follows: 
         ( )                 (  )                          (  ) 
Equation 5.1: Calculation for the volume of drainage in a collection vessel 
where drainage (L) was the volume of drainage in an individual lysimeter collection vessel at 
sampling, gross drainage (kg) was the weight of the drainage water from an individual lysimeter plus 
the collection vessel, and the empty collection vessel (kg) was the weight of an empty collection 
vessel, assuming that 1 kg was equal to 1 L of drainage water.  
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Plate 5.1:  Drainage water from each lysimeter was collected via a pipe to a 10 L collection 
vessel. 
Drainage vessels were sub-sampled by pouring drainage water into two plastic 50 mL tubes with 
screw top lids (Labco Ltd, U.K.) (Plate 5.2) and discarding the remainder.  One sample was destined 
for analysis and the other, a spare, was frozen at -20 °C.  Leachate samples were analysed within one 
week of sampling, during which time they were stored at 4 °C as recommended by Clough et al. 
(2001b).   
 
Plate 5.2:  Lysimeter drainage water was poured from each collection vessel into sample tubes 
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5.2.3 Analysis 
5.2.3.1 Inorganic nitrogen 
Analysis of inorganic N components was carried out using an Aquakem 600A automated analyser 
previously known as the Konelab analyser (Thermo Electron, Finland).  Inorganic nitrogen was 
calculated from the sum of nitrate (NO3
-
-N), nitrite (NO2
-
-N) and ammonium (NH4
+
-N) concentrations 
(mg N L
-1
).  
5.2.3.1.1 Nitrate (via total oxidised nitrogen) 
Total oxidised nitrogen (TON) comprises both nitrate (NO3
-
-N) and nitrite (NO2
-
-N) nitrogen.  Nitrate 
in the drainage sample was reduced to nitrite by hydrazine under alkaline conditions.  Resulting nitrite 
was then reacted with sulphanilamide and N-1-naphthylethylenediamine dihydrochloride under acidic 
conditions to form a pink azo-dye. The absorbance was measured at 540 nm and was related to the 
TON concentration using a calibration curve (Kopp and McKee, 1983b; Askew and Smith, 2005b).  
The concentration of NO3
-
-N was calculated by subtracting NO2
-
-N from TON (mg N L
-1
).  The lower 
method detection limit was 0.1 mg N L
-1
.  The values were 10.0 and 50.0 mg N L
-1 
for the low and 
high ranges respectively, which were able to be extended using auto-dilution.  Results were expressed 
as a concentration of NO3
-
-N (mg N L
-1
). 
5.2.3.1.2 Nitrite 
The process of NO2
-
 analysis began with the diazotization of sulphanilamide by sample NO2
-
 in the 
presence of phosphoric acid, at pH 1.9 and the subsequent formation of an azo-dye with N-1-
naphthylethylenediamine (NEDD). The absorbance of this compound was measured 
spectrophotometrically at 520 nm and was related to the nitrite using a calibration curve (Kopp and 
McKee, 1983b; Askew and Smith, 2005a).  The lower method detection limit was 0.006 mg N L
-1
.  
The range in application was up to 2.0 mg N L
-1
, which was able to be extended using auto-dilution.  
Results were expressed as a concentration of NO2
-
-N (mg N L
-1
). 
5.2.3.1.3 Ammonia and ammonium 
Ammonia reacted with hypochlorite ions generated by the alkaline hydrolysis of sodium 
dichloroisocyanurate to form monochloramine. This then reacted with salicylate ions in the presence 
of sodium nitroprusside at pH 12.6 to form a blue compound. The absorbance of this compound was 
measured spectrophotometrically at wavelength 660 nm and was related to the ammonia concentration 
using a calibration curve (Kopp and McKee, 1983a).  The resulting concentration was expressed as 
ammonium-N (NH4
+
-N).  The lower method detection limit was 0.02 mg N L
-1
.  The range in 
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application was 5.0 and 50.0 mg N L
-1
 for the low and high ranges respectively, which were able to be 
extended using auto-dilution.  Results were expressed as a concentration of NH4
+
-N (mg N L
-1
).  
5.2.3.2 Organic nitrogen 
Dissolved organic N (DON) was calculated by subtracting inorganic N from total N (mg N L
-1
), and 
was assumed to be the total organic N in the lysimeter drainage water.  It is likely that the majority of 
DON leached (under urine patches) was urea-N.  
5.2.3.3 Total nitrogen 
Total N (TN) was analysed using a Shimadzu TOC-TN analyser (Shimadzu Scientific Instruments, 
USA) via combustion oxidation and chemiluminescence detection (Ammann et al., 2000).  In brief, 
the N-containing sample was introduced into an oxygen-rich combustion tube with a platinum catalyst 
at a temperature of 720 °C.  Bound N was then converted to nitrogen monoxide (NO) followed by 
nitrite (NO2
-
) in the presence of ozone (O3), then detected by the chemiluminescence detector.  The 
result was expressed as total N in mg N L
-1 
and the minimum and maximum detection limits for 
analysis were 0.05 and 4000 mg N L
-1
,
 
respectively. 
5.2.3.4 Bromide tracer 
Bromide ion concentration was analysed using an ion chromatography system with a conductivity 
detector (Metrohm 790, Switzerland) and an ICSep AN2 analytical column (Transgenomic Ltd, 
Glasgow, UK).  The eluent conductivity was continuously suppressed with 0.1 M H2SO4, to enhance 
the analyte response.  Eluent composition was 1 mM NaHCO3 per 3.5 mM Na2CO3 with a flow rate of 
1 mL min
-1
 (Askew and Smith, 2005c).  External Br
-
 standards with concentrations 0.48, 1.28 and 2.52 
mg L
-1
 were prepared from a certified Br
-
 stock standard.  The lower detection limit of the method was 
0.02 mg L
-1
.  Results were expressed as milligrams of bromide ion per litre (mg Br
-
 L
-1
).  The total Br
-
 
recovered was calculated as for the cumulative N leached in Equation 5.2 and Equation 5.3 and 
expressed as a percentage of the applied Br
-
.   
5.2.4 Calculations for N leaching 
The drainage water analysis provided the concentration of the various forms of N (mg N L
-1
) for each 
lysimeter on each sampling day.   Using a series of calculations, the cumulative annual N leached from 
each lysimeter was estimated.  The amount of N leached per lysimeter was calculated using the 
following equation: 
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                   (         )                  (       )            ( ) 
Equation 5.2:  Calculation for the annual amount of N leaching from each lysimeter 
where the N concentration was for the form of N leached (mg N L
-1
) from the volume of drainage 
water (L) collected on the day of sampling.  The amount of N leached per lysimeter was then 
calculated using the following equation: 
                    (        )                      (         )             
Equation 5.3:  Calculation for cumulative amount of N leaching per hectare 
where the cumulative N leached (kg N ha
-1
) was the total N leached from the lysimeter for the 
drainage period and the amount of N leached was from Equation 5.2. The     value, the conversion 
factor for lysimeter surface area to hectares, was 54129, and    , the conversion factor for mg to kg, 
was 0.000001.   
One pore volume of drainage (PV) was 260 and 290 mm for year one and year two respectively, and 
was calculated using the following equation: 
    
              
     
 
Equation 5.4:  Calculation for one pore volume of lysimeter drainage 
where    was one pore volume of drainage (mm),    was the average saturated water content (m
3
    
m
-3
) for 0-70 cm soil depth which was 0.37 in year one and 0.41 in year two, and      was the 
lysimeter volume which was 0.1293 m
3
.     was the conversion from m
3
 to L which was 1000, 
assuming that 1 cm
3
 = 1 mL, and       was the surface area of the lysimeter which was 0.1847 m
2
.  
One PV is indicated on each of the N concentration figures (Section 5.3).  
5.2.5 Climatic measurements 
Measured variables included daily rainfall (mm) and mean daily air temperature (°C), which were 
obtained from the Johnstown Castle weather station situated immediately adjacent (Plate 5.3) to the 
lysimeter facility via the Met Eireann (Irish National Meteorological Service) database.  Climate data 
was displayed for seven days prior to urine application until the final day of the experimental period.  
Daily evapotranspiration was estimated using climate data and a model based on the United Nations 
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Food and Agriculture Authority, Penman-Monteith equation, for a well-drained soil (Schulte et al., 
2005).   
 
Plate 5.3:  The Johnstown Castle weather station was situated adjacent to the lysimeter facility. 
5.2.6 Statistical analysis 
For each year, analysis of variance (ANOVA) was carried out on the the log10-transformed cumulative 
amount of N leached (TN, NO3
-
, NO2
-
, NH4
+
 and DON) to determine the difference between the two 
blocks, as well as the between treatment effects.  Back-transformations were carried out using the 
following equation: 10^(log mean) = BT mean, displayed in figures and text showing cumulative 
amounts.  The differences between treatments were shown using a least significant difference test 
(LSD) (P < 0.05).  The ANOVA also included examination of two sets of orthogonal contrasts. The 
first set consisted of the linear and quadratic contrasts for the five urine rates 0, 300, 500, 700 and 
1000 kg N ha
-1
 (in the absence of DCD).  The second set consisted of the 2x2 factorial contrasts for the 
factors urine rate (500, 1000) and DCD (-, +).  Additional LSD tests (P < 0.05) were carried out for 
the peak NO3
-
-N concentrations in the drainage from all treatments, and for the emission factor for the 
amount of TN leached as a percentage of the N applied, and for the percentage of TN leached as NO3
-
, 
NO2
-
, NH4
+
 and DON (%) from all treatments except the control in year one and year two.     
The term ‘quadratic’ describes the situation where there was statistically significant evidence of 
curvature in the relationship between urine N rate and the cumulative amount of N leached.  Unless 
otherwise specified, the term ‘curvilinear’ was used in the discussion to describe where the quadratic 
curvature diminished with the increasing urine N rate.  
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5.3  Results 
5.3.1 Climate and drainage 
In year one, the daily air temperature ranged from -1.2 to 20.2 °C, with an average of 9.6 °C (Figure 
5.1).  During the winter period (i.e. up to 100 days after urine application), the average air temperature 
was 4.2 °C and increased to 12.9 °C in the spring-summer period that followed.  A significant 
snowfall event took place two days after urine application on 17 December 2009.  Year two 
temperatures ranged from -2.5 to 17.7 °C with an average of 10.3 °C (Figure 5.2).  As in year one, the 
average air temperature was cooler during the winter period with an average of 6.2 °C up to 100 days 
after urine application.  The long term average air temperature in winter for the area was 6.3 °C.  The 
increase in daily air temperature following winter was slower in year one where the average 
temperature exceeded 10 °C approximately 150 days after urine, compared to only 100 days in year 
two. 
 
Figure 5.1:  Daily average air temperature in year one. 
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Figure 5.2:  Daily average air temperature in year two. 
Apart from input in the treatments, natural rainfall was the only water received by the lysimeters.  
Total rainfall inputs, drainage and evapotranspiration (ET) losses in year one were 763, 435 and 375 
mm respectively, after 274 days in year one (Figure 5.3).  In year two, total inputs from rainfall and 
losses from drainage and ET were 864, 435 and 429 mm respectively, after 358 days in year two 
(Figure 5.4).  Total drainage from year two was equal to year one, although the measurement period in 
year two was 84 days longer.  Total drainage plus ET exceeded the total rainfall input in year one, and 
was equal to the total rainfall in year two.  This indicates that the lysimeters were close to field 
capacity when urine was applied in both years.  Indeed a significant rainfall input of 38 mm occurred 
the day before urine application in year two.   
In the first 100 days following urine application, cumulative rainfall was 308 mm in year one and 271 
mm in year two.  Moreover, in the same 100 day period following urine application, 75% of the total 
drainage from the lysimeters was collected in year one, and 60% in year two.  The majority (>75%) of 
ET occurred during the spring and summer period (after 100 days following urine) in both years 
(Figure 5.3 and Figure 5.4, respectively).   
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Figure 5.3:  Daily and cumulative rainfall inputs, evapotranspiration and drainage losses in 
year one. 
 
Figure 5.4:  Daily and cumulative rainfall inputs, evapotranspiration and drainage losses in 
year two. 
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5.3.2 Inorganic nitrogen 
5.3.2.1 Nitrate  
Peak NO3
-
-N concentrations in the lysimeter drainage water occurred in early spring at 340 and 240 
mm of drainage in years one and two (Figure 5.5 and Figure 5.6, respectively), and corresponded to 
120 and 84 days after urine application, respectively.  Peak NO3
-
-N concentrations in year one were 
206.0, 150.8, 87.3 and 58.7 mg N L
-1
 in treatments U1000, U700, U500 and U300 respectively and 
these were significantly higher than 1.5 and 1.4 mg NO3
-
-N L
-1
 in the fertiliser and control treatments, 
respectively (P < 0.05).  In year two, peak NO3
-
-N concentrations were 208.9, 163.9, 124.1 and 83.2 
mg N L
-1
 in treatments U1000, U700, U500 and U300, respectively, which were significantly higher 
than 5.3 and 1.7 mg N L
-1
 in the fertiliser and control treatments, respectively (P < 0.05).   
One PV of drainage for the lysimeters was 260 mm in year one and 290 mm in year two.  Nitrate-N 
concentrations had returned to background levels by 400 mm drainage in both years. 
 
Figure 5.5:  Year one nitrate-N concentration (±SE) in the drainage water of lysimeters as 
affected by varying urine N application rate. (Control is no urine, U300 is 300 kg 
N ha
-1
 urine, U500 is 500 kg N ha
-1
, U700 is 700 kg N ha
-1
, U1000 is 1000 kg N  
ha
-1
) (1 PV indicates one pore volume of drainage which was 260 mm). 
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Figure 5.6:  Year two nitrate-N concentration (±SE) in the drainage water of lysimeters as 
affected by varying urine N application rate. (Control is no urine, U300 is 300 kg 
N ha
-1
 urine, U500 is 500 kg N ha
-1
, U700 is 700 kg N ha
-1
, U1000 is 1000 kg N  
ha
-1
) (1 PV indicates one pore volume of drainage which was 290 mm). 
The application of DCD significantly (P < 0.05) reduced peak NO3
-
-N concentrations in the lysimeter 
drainage from 206.0 to 86.0 mg N L
-1
 in the U1000 and U1000+DCD treatments respectively, and 
from 87.3 to 29.9 mg N L
-1
 in the U500 and U500+DCD treatments respectively (P < 0.05) in year 
one (Figure 5.7).  These corresponded to reductions of 58 and 66% in the U1000+DCD and 
U500+DCD treatments respectively in year one.  In year two, DCD reduced peak NO3
-
-N 
concentrations from 208.9 to 90.6 mg N L
-1
 where urine was applied at 1000 kg N ha
-1
 (P < 0.05), and 
from 124.1 to 60.7 mg N L
-1
 where urine was applied at 500 kg N ha
-1
 in year two (P < 0.05) (Figure 
5.8).  These corresponded to reductions of 57 and 51% in the U1000+DCD and U500+DCD 
treatments, respectively, in year two. 
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Figure 5.7:  Year one nitrate-N concentrations (±SE) in the drainage water of lysimeters as 
affected by varying urine N application rate and DCD application. (Control is no 
urine or DCD, U500 is 500 kg N ha
-1
 urine, U1000 is 1000 kg N ha
-1
 urine, 
U500+DCD is 500 kg N ha
-1
 urine plus 30 kg DCD ha
-1
, U1000+DCD is 1000 kg 
N ha
-1
 urine plus 30 kg DCD ha
-1
) (1 PV indicates one pore volume of drainage 
which was 260 mm). 
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Figure 5.8:  Year two nitrate-N concentrations (±SE) in the drainage water of lysimeters as 
affected by varying urine N application rate and DCD application. (Control is no 
urine or DCD, U500 is 500 kg N ha
-1
 urine, U1000 is 1000 kg N ha
-1
 urine, 
U500+DCD is 500 kg N ha
-1
 urine plus 30 kg DCD ha
-1
, U1000+DCD is 1000 kg 
N ha
-1
 urine plus 30 kg DCD ha
-1
) (1 PV indicates one pore volume of drainage 
which was 290 mm). 
The cumulative NO3
-
-N leaching losses in years one and two are shown in Table 5.3.  The average 
contribution of NO3
-
-N to the total N leached from the urine treatments (with and without DCD) was 
39.0% in year one and 64.5% in year two.  Nitrate-N was the major form of N leached in year two.  In 
year one cumulative NO3
-
-N leached ranged from 8.3 to 195.1 kg N ha
-1
 in the fertiliser and U1000 
treatments, respectively, and in year two from 14.0 to 206.9 kg N ha
-1
 in the control and U1000 
treatments, respectively.  The relationship between urine N rate and cumulative NO3
-
-N leached was 
quadratic (P < 0.001; Table 5.3) and was described by the following equations in year one (y = -
0.0002x
2
 + 0.3466x + 7.9338) and year two (y = 4E-06x
2
 + 0.1634x + 19.702) (Figure 5.9).  Total 
NO3
-
-N leached was consistently higher in the urine only (no DCD) treatments than in the control and 
fertiliser treatments in both years (P < 0.05) (Table 5.3).  The proportion of TN leached as NO3
-
-N 
was significantly higher in the control and fertiliser treatments than in the DCD treatments and the 
U700 and U1000 urine treatments in year one (P < 0.05).  Despite a similar trend in year two, there 
was no significant difference (P > 0.05).   
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The application of DCD reduced the cumulative amount of NO3
-
-N leached in year one from 195.1 to 
109.6 kg N ha
-1
 in the 1000 and U1000+DCD treatments, respectively, which corresponded to a 44% 
reduction (P < 0.05) (Table 5.3).  Where urine was applied at 500 kg N ha
-1
, DCD reduced NO3
-
-N 
loss by 63%, from 141.8 to 53.1 kg N ha
-1
 (P < 0.05).  In year two, DCD reduced the cumulative 
amount of NO3
-
-N leached from 206.9 to 131.7 kg N ha
-1
 in the U1000 and U1000+DCD treatments 
respectively (36% reduction; P < 0.05) and from 105.1 to 77.7 kg N ha
-1
 in the U500 and U500+DCD 
treatments respectively (26% reduction; P < 0.05).  The percentage of TN leached as NO3
-
-N was 
significantly reduced in year one from 49.6% to 21.8%, and in year two from 72.9% to 57.4% in the 
U1000 and U1000+DCD treatments respectively (P < 0.05), however no significant differences were 
found in the U500+DCD treatment in year one or in year two.  
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Table 5.3:  Cumulative amount of nitrate-nitrogen (NO3
-
-N) leached as affected by urine N rate and DCD application. 
Treatment 
Log cumulative NO3
-
-N leached 
(log kg NO3
-
- ha
-1
) 
Back-transformed 
cumulative NO3
-
-N 
leached  
(kg NO3
-
-N ha
-1
) 
NO3
-
-N leached 
as % of TN
1 
% reduction  
by DCD
2
 
 
Year 1 
 
Year 2 
 
Year 1 Year 2 Year 1  Year 2  Year 1 Year 2 
Control 0.86 d 1.10 c 7.31 12.62 73.9 ab 82.7 a 
  Fertiliser 0.98 d 1.35 c 9.59 22.44 86.7 a 82.8 a 
  U300 2.03 b 1.97 b 108.14 93.11 53.4 bc 74.2 ab 
  U500 2.15 ab 2.01 b 139.64 102.57 40.2 cd 62.5 bc 
  U700 2.26 a 2.10 ab 183.65 125.03 45.8 c 65.7 abc 
  U1000 2.29 a 2.30 a 193.20 199.07 49.6 c 72.9 ab 
  U500+DCD 1.72 c 1.87 b 52.97 73.96 23.2 d 54.3 c 62.1 NS 
U1000+DCD 2.01 b 2.12 ab 102.09 130.92 21.8 d 57.4 bc 47.2 NS 
LSD (0.05)
3
 0.165  0.269    21.84  17.79  
  Significance of contrasts
4
 
   
              
Urine rate effect
5
: 
    
  
 
 
 
 
  Linear *** 
 
*** 
 
  
 
 
 
 
  Quadratic *** 
 
***               
Urine rate*DCD
6
: 
    
  
 
 
 
 
  Main effect urine *** 
 
** 
 
  
 
 
 
 
  Main effect DCD *** 
 
NS 
 
  
 
 
 
 
  Interaction NS 
 
NS               
1
 NO3
-
-N leached as % TN = [(NO3
-
-N total) / (TN total)] x 100. 
2 
% reduction by DCD = [((NO3
-
-N total-urine) – (NO3
-
-N total-DCD)) / (NO3
-
-N total, urine)] x 100.  Value displayed where significant P < 0.05. 
3
 Letters indicate a significant difference between two treatments at p < 0.05.  Least significant difference (5%) calculated from all treatments including control.   
4
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05. 
5
 Urine rate effect based on contrasts of 5 urine treatments including control. 
6
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+).
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Figure 5.9:  The relationship between urine N rate and the total amount of nitrate-N leached in 
the lysimeter drainage. 
5.3.2.2 Ammonium and nitrite 
Ammonium-N and nitrite-N were minor components (relative to NO3
-
-N and DON) of the total 
amount of N leached from the lysimeters.  Ammonium-N (NH4
+
-N) contributed on average 18.4% and 
9.8% of the total N leached from urine treatments (with and without DCD) in the lysimeter drainage in 
years one and two, respectively (Table 5.4).  The range in cumulative NH4
+
-N leached was 0.9 to 
128.2 kg N ha
-1
 in year one, which produced a quadratic relationship with urine N rate (P < 0.001; 
Table 5.4), and was described by the following equation (y = 1E-05x
2
 + 0.0667x + 0.3664) (Figure 
5.10).  Cumulative NH4
+
-N leached in year two was lower than year one, ranging from 0.6 to 34.7 kg 
N ha
-1
.  The year two NH4
+
-N leached also produced a quadratic relationship with urine N rate (P < 
0.01), and was described by the following equation (y = -2E-05x
2
 + 0.0344x - 0.5419) (Figure 5.10).  
No clear trend was evident in the proportion of TN leached as NH4
+
 with increasing urine N rate (P > 
0.05).  
The application of DCD did not produce a significant difference in the cumulative amount of NH4
+
-N 
leached where urine was applied at 500 or 1000 kg N ha
-1
, in either year of measurement (P > 0.05) 
(Table 5.4).   
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Figure 5.10:  The relationship between urine N rate and the total amount of ammonium-N 
leached in the lysimeter drainage. 
The contribution of nitrite-N to the total N leached in the urine treatments (with and without DCD) 
was on average 0.7% in year one and 1.4% in year two (Table 5.5).  The increase in urine N rate 
resulted in significant quadratic increases in NO2
-
-N leached in year one (P < 0.001) and year two (P 
< 0.001) which were described by the equations for year one:  y = -4E-06x
2
 + 0.0074x - 0.105 and 
year two:  y = -1E-06x
2
 + 0.0045x + 0.18 (Table 5.5 and Figure 5.11).   
The application of DCD reduced the cumulative NO2
-
-N leached in year one from 3.6 to 1.7 kg N ha
-1
 
in the U1000 and U1000+DCD treatments, respectively (P < 0.05), and from 2.5 to 1.0 kg N ha
-1
 in 
the U500 and U500+DCD treatments, respectively (P < 0.05) (Table 5.5).  These corresponded to 
reductions of 54% and 62% in U1000+DCD and U500+DCD treatments respectively.  There was no 
significant effect of DCD on the amount of NO2
-
-N leached in year two (P > 0.05). 
y = 1E-05x2 + 0.0667x + 0.3664 
R² = 0.999 
y = -2E-05x2 + 0.0344x - 0.5419 
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Table 5.4:  Cumulative amount of ammonium-nitrogen (NH4
+
-N) leached as affected by urine N rate and DCD application. 
Treatment 
Log cumulative NH4
+
-N leached  
(kg NH4
+
-N ha
-1
) 
Back-transformed 
cumulative NH4
+
-N 
leached  
(kg NH4
+
-N ha
-1
) 
NH4
+
-N leached 
as % of TN
1
 
% change  
by DCD
2
 
 
Year 1 
 
Year 2 
 
Year 1 Year 2 Year 1  Year 2  Year 1 Year 2 
Control -0.10 f -0.28 e 0.80 0.52 9.8 d 3.7 c 
  Fertiliser -0.08 f 0.18 d 0.83 1.52 7.7 d 6.8 bc 
  U300 1.34 e 0.73 c 21.68 5.42 11.1 cd 4.6 c 
  U500 1.62 cde 1.18 ab 41.78 15.14 12.1 bcd 9.9 abc 
  U700 1.76 bc 1.23 ab 57.81 17.10 16.6 bcd 9.6 abc 
  U1000 1.94 ab 1.23 ab 87.10 17.02 22.3 ab 7.6 bc 
  U500+DCD 1.67 bcd 1.12 b 46.99 13.24 20.6 abc 12.0 ab NS NS 
U1000+DCD 2.10 a 1.53 a 125.89 33.65 27.7 a 14.9 a NS NS 
LSD (0.05)
3
 0.296  0.374    10.73  6.42  
  Significance of contrasts
4
 
    
  
 
        
Urine rate effect
5
: 
    
  
 
 
 
 
  Linear *** 
 
*** 
 
  
 
 
 
 
  Quadratic *** 
 
*** 
 
  
 
        
Urine rate*DCD
6
: 
    
  
 
 
 
 
  Main effect urine *** 
 
NS 
 
  
 
 
 
 
  Main effect DCD NS 
 
NS 
 
  
 
 
 
 
  Interaction NS 
 
NS 
 
  
 
        
1
 NH4
+
-N leached as % TN = [(NH4
+
-N total) / (TN total)] x 100. 
2 
% change by DCD = [((NH4
+
-N total-urine) – (NH4
+
-N total-DCD)) / (NH4
+
-N total, urine)] x 100.  Value displayed where significant P < 0.05. 
3
 Letters indicate a significant difference between two treatments at p < 0.05.  Least significant difference (5%) calculated from all treatments including control.   
4
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05. 
5
 Urine rate effect based on contrasts of 5 urine treatments including control. 
6
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
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Table 5.5:  Cumulative amount of nitrite-nitrogen (NO2
-
-N) leached as affected by urine N rate and DCD application. 
Treatment 
Log cumulative NO2
-
-N leached  
(kg N ha
-1
) 
Back-transformed 
cumulative NO2
-
-N leached 
(kg N ha
-1
) 
NO2
-
-N leached 
as % of TN
1
 
% reduction  
by DCD
2
 
 
Year 1 
 
Year 2 
 
Year 1 Year 2 Year 1  Year 2  Year 1 Year 2 
Control -1.71 e -1.19 c 0.02 0.07 0.2 c 0.7 b 
  Fertiliser -1.61 e -0.52 b 0.02 0.30 0.2 c 1.3 ab 
  U300 0.24 bc 0.30 a 1.73 1.97 0.9 a 1.6 a 
  U500 0.39 abc 0.24 a 2.45 1.75 0.7 ab 1.1 ab 
  U700 0.61 a 0.47 a 4.06 2.92 1.0 a 1.6 a 
  U1000 0.54 ab 0.56 a 3.49 3.60 0.9 a 1.3 ab 
  U500+DCD -0.09 d 0.20 a 0.82 1.60 0.4 bc 1.2 ab 66.7 NS 
U1000+DCD 0.20 cd 0.51 a 1.57 3.20 0.4 bc 1.5 a 55.1 NS 
LSD (0.05)
3
 0.309  0.483    0.35  0.72  
  Significance of contrasts
4
 
   
              
Urine rate effect
5
: 
    
  
 
 
 
 
  Linear *** 
 
*** 
 
  
 
 
 
 
  Quadratic *** 
 
***               
Urine rate*DCD
6
: 
    
  
 
 
 
 
  Main effect urine * 
 
NS 
 
  
 
 
 
 
  Main effect DCD *** 
 
NS 
 
  
 
 
 
 
  Interaction NS 
 
NS               
1
 NO2
-
-N leached as % TN = [(NO2
-
-N total) / (TN total)] x 100. 
2 
% reduction by DCD = [((NO2
-
-N total-urine) – (NO2
-
-N total-DCD)) / (NO2
-
-N total, urine)] x 100.  Value displayed where significant P < 0.05. 
3
 Letters indicate a significant difference between two treatments at p < 0.05.  Least significant difference (5%) calculated from all treatments including 
control.   
4
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05. 
5
 Urine rate effect based on contrasts of 5 urine treatments including control. 
6
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
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Figure 5.11:  The relationship between urine N rate and the total amount of nitrite-N leached in 
the lysimeter drainage. 
 
5.3.3 Dissolved organic N 
Dissolved organic N (DON) was calculated as the difference between the total N and the inorganic-N 
(NO3
-
-N, NH4
+
-N and NO2
-
-N) leached.  The average contribution of DON to the total N leached in 
the urine treatments (with and without DCD) was 41.9% and 24.3% in years one and two, respectively 
(Table 5.6).  DON was the major form of N leached in year one and was likely to be predominantly 
urea-N.  The range in DON leached was 2.3 to 249.4 kg N ha
-1
 in year one and 1.7 to 63.7 kg N ha
-1
 in 
year two, in the control and U1000+DCD treatments, respectively, in each year.  The cumulative DON 
loss increased with increasing urine N rate in both years (quadratic; P < 0.001), and was described by 
the following equations in year one (y = -0.0003x
2
 + 0.4302x - 5.1565) and in year two (y = -5E-05x
2
 
+ 0.0949x + 3.9127) (Figure 5.12). The application of DCD in year one significantly increased 
cumulative DON leaching from 83.4 to 234.4 kg N ha
-1
 in the U1000 and U1000+DCD treatments, 
respectively (Table 5.6). 
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Table 5.6:  Cumulative amount of dissolved organic N (DON) (predominantly urea-N) leached as affected by urine N rate and DCD application. 
Treatment 
Log cumulative DON leached  
(kg N ha
-1
) 
Back-transformed 
cumulative DON 
leached  
(kg N ha
-1
) 
DON leached 
as % TN
1
 
% change  
by DCD
2
 
 
Year 1 
 
Year 2 
 
Year 1 Year 2 Year 1  Year 2  Year 1 Year 2 
Control 0.57 c 0.22 c 3.69 1.66 31.3 bc 13.0 b 
  Fertiliser 0.71 c 0.25 b 5.07 1.76 26.8 c 9.1 c 
  U300 1.84 b 1.52 a 68.39 33.34 34.6 bc 27.5 ab 
  U500 2.21 ab 1.64 a 163.31 43.45 47.0 abc 26.5 abc 
  U700 2.13 ab 1.54 a 135.52 34.51 36.6 abc 23.1 abc 
  U1000 1.92 b 1.68 a 83.37 47.53 27.1 c 18.1 abc 
  U500+DCD 2.11 ab 1.58 a 127.64 38.11 55.8 a 32.5 a NS NS 
U1000+DCD 2.37 a 1.75 a 234.42 55.85 50.1 ab 26.1 abc 181.2 NS 
LSD (0.05)
3
 0.443  0.477    20.29  18.30  
  Significance of contrasts
4
 
    
  
 
        
Urine rate effect
5
: 
    
  
 
 
 
 
  Linear *** 
 
*** 
 
  
 
 
 
 
  Quadratic *** 
 
*** 
 
  
 
        
Urine rate*DCD
6
: 
    
  
 
 
 
 
  Main effect urine NS 
 
NS 
 
  
 
 
 
 
  Main effect DCD NS 
 
NS 
 
  
 
 
 
 
  Interaction NS 
 
NS 
 
  
 
        
1
 DON leached as % TN = [(DON total) / (TN total)] x 100. 
2 
% change by DCD = [((DON total-DCD) – (DON total-urine)) / (DON total, DCD)] x 100.  Value displayed where significant P < 0.05. 
3
 Letters indicate a significant difference between two treatments at p < 0.05.  Least significant difference (5%) calculated from all treatments including control.   
4
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P < 0.05. 
5
 Urine rate effect based on contrasts of 5 urine treatments including control. 
6
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
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Figure 5.12:   The relationship between urine N rate and the total amount of DON leached (kg 
N ha
-1
) in the lysimeter drainage. 
5.3.4 Total nitrogen 
The range in total N (TN) leaching losses was 10.8 to 488.7 kg N ha
-1
 in the control and U1000+DCD 
treatments, respectively, in year one, and 16.4 to 282.1 kg N ha
-1
 in the control and U1000 treatments, 
respectively, in year two (Table 5.7).  The average percentage of the total amount of N leached from 
the urine treatments (with and without DCD) was 50.6% in year one and 27.0% in year two, and these 
were significantly larger than the fertiliser treatment in both years (P < 0.05).  The increase in the 
urine N rate applied increased the TN leached and the relationship was quadratic in both years           
(P < 0.001) (Table 5.7).  The relationships were described by the following equations in year one      
(y = -0.0004x
2
 + 0.8687x + 0.477) and year two (y = -7E-05x
2
 + 0.3115x + 20.607) where y is the 
total N leached and x is the urine N rate applied (Figure 5.13).   
Total N leaching was significantly higher in all urine and DCD treatments than in the control and 
fertiliser treatments in years one and two (P < 0.05).  There was no difference between total N 
leaching in the control and fertiliser treatments in either year (P > 0.05).  Of the N applied in the 
fertiliser treatment, 1 and 5% was leached in years one and two respectively (Table 5.7). The 
application of DCD did not change the cumulative amount of TN leached significantly at either of the 
U500 or U1000 urine rates, in year one or two (P > 0.05) (Table 5.7).  
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Table 5.7:  Cumulative amount of total N leached as affected by urine N rate and DCD application. 
Treatment 
Log mean cumulative N 
leached 
(log kg N ha
-1
) 
Back-transformed mean 
cumulative N leached  
(kg N ha
-1
) 
% N leached 
 (of N applied)
1
 
% reduction  
by DCD
2 
 
Year 1 
 
Year 2 
 
Year 1 Year 2 Year 1 
 
Year 2 
 
Year 1 Year 2 
Control 1.03 d 1.19 e 10.62 15.35 
      Fertiliser 1.04 d 1.44 d 10.99 27.23 0.7 d 4.7 c 
  U300 2.31 c 2.11 c 205.59 128.23 60.2 a 35.1 a 
  U500 2.55 ab 2.22 abc 352.37 164.82 63.6 a 28.5 a 
  U700 2.62 a 2.29 abc 416.87 196.79 53.9 ab 26.0 a 
  U1000 2.61 a 2.44 a 409.26 273.53 39.5 c 25.8 a 
  U500+DCD 2.37 bc 2.15 bc 232.27 140.28 42.1 bc 25.6 a NS NS 
U1000+DCD 2.68 a 2.36 ab 475.34 229.61 44.2 bc 21.1 b NS NS 
LSD (0.05)
3
 0.190  0.233    13.74 
 
11.48 
   Significance of contrasts
4
 
    
  
      Urine rate effect
5
: 
    
  
      Linear *** 
 
*** 
 
  ** 
 
NS 
   Quadratic *** 
 
*** 
 
  NS 
 
NS 
   Urine rate*DCD
6
: 
    
  
      Main effect urine ** 
 
* 
 
  
      Main effect DCD NS 
 
NS 
 
  
      Interaction NS 
 
NS 
 
  
      1 % of TN leached = [((TN total, urine) – (TN total, control)) / (TN total, urine)] x 100. 
2 
% reduction by DCD = [((TN total-urine) – (TN total-DCD)) / (TN total, urine)] x 100.  Value displayed where significant P < 0.05. 
3
 Letters indicate a significant difference between two treatments at p < 0.05.  Least significant difference (5%) calculated from all treatments 
including control.   
4
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05. 
5
 Urine rate effect based on contrasts of 5 urine treatments including control. 
6
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
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Figure 5.13:  The relationship between urine N rate and the total amount of N leached in the 
lysimeter drainage. 
5.3.5 Forms of N leached 
The forms of N in the lysimeter drainage water of the U1000 treatment are shown in Figure 5.14 and 
Figure 5.15 for years one and two respectively.  In the U1000 treatment the cumulative total drainage 
was approximately 400 mm in both years however the period of measurement was 274 days in year 
one and 358 days in year two.  The major forms of N in the lysimeter drainage were NO3-
-
N and DON 
(predominantly urea-N).  The peak concentration of DON was 568 mg N L
-1
, which occurred 
immediately following urine application in year one (Figure 5.14), whereas in year two the peak DON 
was 200 mg N L
-1
 at 60 mm of cumulative drainage (Figure 5.15).  The concentration of NO3
-
-N in the 
lysimeter drainage is described in Section 5.3.2.1.  The NO3
-
-N concentration peaks were similar in 
both years, however in year two the peak occurred at 240 mm compared to 340 mm in year one.  The 
NH4
+
-N concentrations ranged from 2.5 to 52 mg N L
-1
 in year one, and from 0 to 14.8 mg N L
-1
 in 
year two.  NO2
-
-N concentrations were low relative to the other forms of N leached, with peak 
concentrations of 2.4 mg N L
-1
 at 310 mm and 7.3 mg N L
-1
 at 250 mm drainage in years one and two, 
respectively.   
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Figure 5.14:  Concentration of each form of N leached (±SE) in the lysimeter drainage in year 
one where urine was applied at 1000 kg N ha
-1
 without DCD. (Total N is the sum 
of nitrate-N, ammonium-N, nitrite-N and dissolved organic N) (1 PV indicates 
one pore volume of drainage which was 260 mm). 
 
 
Figure 5.15:  Concentration of each form of N leached (±SE) in the lysimeter drainage in year 
two where urine was applied at 1000 kg N ha
-1
 without DCD.  (Total N is the sum 
of nitrate-N, ammonium-N, nitrite-N and dissolved organic N) (1 PV indicates 
one pore volume of drainage which was 290 mm). 
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5.3.6 Bromide tracer 
Bromide concentrations are shown in Figure 5.16 for year one and Figure 5.17 for year two.  In year 
one, the concentration of Br
-
 was highest immediately after urine application, followed by a gradual 
reduction to background levels.  In year two, the pattern of Br
-
 leaching was considerably different to 
that in year one, with the concentration of Br
-
 following a similar pattern to the TN concentration 
(Figure 5.15).  The recovery of Br
-
 in year one was 98.6% and 65.8% in year two, assuming that the 
Br
-
 leached was entirely derived from the Br
-
 applied in the treatments.  
 
 
Figure 5.16:  Concentration of bromide (±SE) in the lysimeter drainage by treatment in year 
one. (1 PV indicates one pore volume of drainage which was 260 mm). 
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Figure 5.17:  Concentration of bromide (±SE) in the lysimeter drainage by treatment in year 
two. (1 PV indicates one pore volume of drainage which was 290 mm). 
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5.4  Discussion 
5.4.1 Effect of urine N rate on N leaching 
An increase in the urine N rate resulted in a curvilinear increase in the cumulative leaching loss of TN, 
NO3
-
-N, DON, NH4
+
-N and NO2
-
-N in both years of measurement.  Previous work has shown that 
increasing N rates have resulted in linear and non-linear (exponential) increases in cumulative 
leaching loss of NO3
-
-N (Barraclough et al., 1992; Loiseau et al., 2001; Di and Cameron, 2007), which 
is usually the major form of N leached under grassland (Di and Cameron, 2002b).  Barraclough et al. 
(1992) measured NO3
—
N leaching under grazed pasture from four fertiliser N rates ranging from 100 
to 750 kg N ha
-1
 and described a ‘break-point’ of N application which was 450 kg N ha-1, above which 
the cumulative amount of NO3
-
-N leached increased dramatically.  However no such break-point was 
observed in this study under urine patches.  The results from this study and others, conducted on free 
draining sandy soil types in the autumn-winter period where the temperature is low and the drainage 
rate is high, show that leaching is the major loss pathway for urine N (Cameron and Haynes, 1986; Di 
and Cameron, 2002b; Decau et al., 2003).  If the pasture is not utilising N under these conditions, then 
it is likely that an increase in the urine N input would result in an increase in the cumulative amount of 
N leached.   
The cumulative TN leaching loss was on average 51% of the urine N applied in year one, which was 
almost double the 27% found in year two.  Most of the observed difference in TN was accounted for in 
the cumulative DON and NH4
+
-N losses in year one.  This was mostly due to the timing of rainfall and 
drainage after the urine was applied.  Total drainage was 435 mm in both years; however 75% of the 
total drainage was collected within 100 days after urine in year one, compared to only 60% in year 
two.  High concentrations of DON were found in the drainage water soon after urine application, and 
as a consequence DON was the major form of N in the drainage in year one (average 42% TN leached 
from urine treatments).  There was a peak in DON concentration in year two 60 days after urine 
application and the cumulative DON loss contributed 25% of the TN leached.  These results show that 
the applied urine must have been rapidly transported down the soil profile via preferential flow 
through macropores (Kramers et al., 2009). The application of two litres of urine to the lysimeters 
(equivalent to a 10 mm irrigation event), in less than one minute, would dramatically increase the 
likelihood of preferential flow.  This was confirmed by the presence of high Br
-
 concentrations in the 
drainage water, which is similar to the findings of Williams et al. (1990) and Williams and Haynes 
(1992).  Using this reasoning, it is likely that the majority of the DON measured in the leachate was 
urea.  The short time period between urine application and the emergence of high DON concentrations 
is supported in other work (Monaghan et al., 1989; Pakrou and Dillon, 1995; Clough et al., 1998; 
Menneer et al., 2008a).  The DON concentration is usually calculated by difference i.e. the total N 
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concentration minus the inorganic N concentration, and should be confirmed using analysis of the urea 
component, in order to separate urine- and soil-derived organic N.  DON leaching, of which the 
majority was likely to have been urea-N, was a significant N loss pathway in this study and requires 
further work to quantify its significance under urine patches of other soil types, and in other seasons.    
Nitrate-N losses were similar in year one and year two, despite the differences in the amount of urea-N 
leached.  A diminishing curvilinear increase in the cumulative loss was found in both years with 
increasing urine N rate.  These results were within the range of those found in a similar study where 
urine N application rates of 0, 300, 700 and 1000 kg N ha
-1
 produced cumulative NO3
-
-N leaching 
losses of 23, 60, 188 and 255 kg N ha
-1
 (Di and Cameron, 2007).  Another study by Moir et al. (2012a) 
reported average NO3
-
-N leaching losses of 2, 45 and 122 kg N ha
-1
 from a range of grass species 
under urine N rates of 0, 300 and 700 kg N ha
-1
.  Interestingly, the total NO3
-
-N losses in this study 
were the same in year one and year two despite the significant loss of DON from preferential flow in 
year one. Cumulative NO3
-
-N might have been expected to be lower in year one, compared to year 
two, because a significant quantity of applied N was leached from the soil via preferential flow.  A 
possible reason for this observation is that the application of urine stimulated the mineralisation of 
soil-derived N which may have accounted for some of the NO3
-
-N leached.  Also, the mineralisation of 
soil-derived NO3
-
-N may have resulted in the peak NO3
-
 concentration occurring after one pore 
volume of drainage in year one.  
The range in peak NO3
-
-N concentration in the lysimeter drainage was 55 to 206 mg N L
-1
 under the 
urine treatments applied.  These concentrations were at the higher end of results found from studies on 
drainage under grazed grassland (Ryden et al., 1984; Scholefield et al., 1993) and under urine patches 
(Di and Cameron, 2007; Dennis et al., 2012).  The peak urine treatment NO3
-
-N concentrations all 
exceeded 11.3 mg NO3
-
-N L
-1
 which is the EU maximum admissible concentration (MAC) in drinking 
water (EU Drinking Water Directive 98/83/EC), whereas the concentration in the fertiliser only 
treatment was below the MAC.  This confirms previous findings of greater N leaching loss under urine 
patch ‘hotspots’ of N compared with split applications of fertiliser (Decau et al., 2004; Dennis et al., 
2012).  Interestingly, the peak NO3
-
-N concentrations increased with an increase in the urine N rate 
applied and the peaks occurred at the same cumulative drainage within each year (Figure 5.5 and 
Figure 5.6).  This suggests that either the rate of NO3
-
 production from nitrification was affected by the 
urine N rate applied, or that there was more nitrification occurring in the soil.  Uniform patterns in the 
peak NO3
-
-N concentrations produced by varying urine N rates were also shown by Di & Cameron 
(2007).  In year one, the difference in timing of Br
-
 and NO3
-
 breakthrough curves was mostly likely 
due to the delay in NO3
-
 being produced by nitrification (Pakrou and Dillon, 1995), also observed 
elsewhere (Silva et al., 1999).  Or, the NO3
-
 produced may have been mineralised N from the soil, 
rather than from the surface-applied urine.  One pore volume of drainage occurred before the main 
NO3
-
 peak indicating that the leaching of NO3
-
 was mainly by miscible displacement mechanisms.  In 
 142 
 
year two the Br
-
 and NO3
-
 breakthrough curves were similar and the peaks occurred before one PV of 
drainage indicating the likelihood of combined preferential flow and miscible displacement 
mechanisms (Williams et al., 1990; Fraser et al., 1994).  
Leaching losses of NH4
+
-N were significant in this study, where the range was 1-128 kg N ha
-1
 in year 
one and 1-35 kg N ha
-1
 in year two, in all treatments.  NH4
+
-N leaching is usually low under urine 
patches, because of NH4
+
 being adsorbed onto exchange surfaces and taken up by plants (Cameron and 
Haynes, 1986).  However, significant losses have been observed following preferential flow of urine N 
(Menneer et al., 2008a; Shepherd et al., 2010), and were probably the result of urea hydrolysis 
(Haynes and Williams, 1992) occurring during transportation of urea through the soil profile, or 
indeed occurring in the drainage collection vessel before sampling (Clough et al., 2001b).  The amount 
of NH4
+
-N leaching under a urine patch is likely to be greater on free-draining soils or where there is 
an extensive macropore network, due to the high potential for rapid movement of urine N into the 
drainage.  Moir et al. (2012a) reported an increase in the NH4
+
-N leaching loss of 1, 14 and 149 kg N 
ha
-1
 from urine application rates of 0, 300 and 700 kg N ha
-1
 in a small plot study. The authors showed 
a strong negative relationship between the amount of N leached and the amount taken up by the plants, 
where high N leaching corresponded to low N uptake by plants.  If the plants are unable to utilise the 
available N, it is likely to be leached where drainage is occurring.  Plant uptake is discussed in Chapter 
6 and the relationship between N leaching and N uptake is discussed in Section 7.2.4.   
Despite increasing TN loss with increasing urine N input, the proportion of the applied N that was 
leached did not vary significantly within each year, suggesting that the extra N in the higher urine 
treatments is being transformed or utilised elsewhere (Chapter 7).  As the rate of urine N applied 
increases, there is an increasing proportion of N unaccounted for by leaching.  Few data exist in the 
literature using varying N rates from which to make comparisons.  Under normal field conditions, the 
extra N may have laterally diffused out of the urine patch due to an N concentration gradient (Koops et 
al., 1997; Orwin et al., 2009), however in this study the lysimeter edges would have restricted lateral 
diffusion.  The extra N may have been taken up by the pasture or stored in the roots (Di et al., 2002).  
Indeed the peaks of NO3
-
-N concentration occurred in the early spring when the temperature had risen 
above 5 °C which is suitable for grass growth (Whitehead, 1995h), and the total lysimeter drainage 
tended to be lower from urine and fertiliser treatments than in the control (data not shown).  The effect 
of urine N rate on pasture N uptake is presented in Chapter 6.  Previous research has shown that 9 to 
30% of applied urine N may be immobilised (Fraser et al., 1994; Williams and Haynes, 1994; Di et 
al., 2002).  The contribution of soil N via mineralisation to total leaching loss may also be significant, 
with 25 to 30% of the total N leached derived from soil N (Fraser et al., 1994; Wachendorf et al., 
2005). Furthermore, it has been shown that both immobilisation and mineralisation may occur 
simultaneously under a urine patch (Williams and Haynes, 1994).  Hence it is possible that the rate of 
urine N applied influences the net process.   A more detailed study on the effect of urine N rate is 
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required to assess the contribution of applied N and soil derived N sources to leaching of grassland N, 
for example using 
15
N isotope labelling.   
5.4.2 Effect of DCD on N leaching 
The application of DCD reduced the cumulative losses of NO3
-
-N by 26 to 63%.  These results were 
within the range of urine patch NO3
-
-N leaching reductions of 10 to 76% produced with use of DCD 
(Di and Cameron, 2002d, 2004b, 2005; Menneer et al., 2008b; Zaman and Blennerhassett, 2010).  
Considerable research efforts have shown the effectiveness of DCD in reducing annual NO3
-
-N loss 
from urine patches under a range of soil types and climatic conditions, the majority of which was 
carried out in New Zealand.  Similar soil and climatic conditions in Ireland (Schulte et al., 2006) 
suggest that there is the potential for DCD to be used in grazed pastures.  A recent study on Irish soils 
found cumulative urine patch NO3
-
-N leaching loss reductions of 38 to 42% with DCD application on 
two soil types (Dennis et al., 2012).  By slowing the rate of nitrification (Amberger, 1989) the DCD 
reduces the accumulation of NO3
-
 in soil which, as mentioned above, is particularly vulnerable to 
leaching loss, particularly on free-draining soil types in late autumn when temperatures are low and 
rainfall and drainage are high.  There was no effect of urine N rate on the percentage reduction by 
DCD on the cumulative amount of NO3
-
-N leached.  Similar observations were reported by Singh et 
al. (2009), who found reductions of 60 to 65% from two urine N rates.  Di & Cameron (2007) also 
found that the percentage reduction by DCD of total NO3
-
-N leaching was 83, 60 and 45% from urine 
N rates of 300, 700 and 1000 kg N ha
-1
, respectively.  The reason for this trend was not clear.  The 
efficacy of DCD in reducing the total amount of NO3
-
-N leached in this study was lower in year two 
than year one and was probably a result of the DCD itself being leached from the soil.  Shepherd et al., 
(2012) showed that DCD moved down the soil profile through mainly convective-dispersive flow in 
clay, silt loam and sandy loam soils.  Studies have shown that the recovery of DCD in drainage water 
was between 7 and 69% of the DCD applied (Menneer et al., 2008a; Monaghan et al., 2009; Shepherd 
et al., 2012; Welten et al., 2013).    
The cumulative TN leaching loss was unaffected by the application of DCD.  This was most likely due 
to the large contribution of DON (predominantly urea-N) to the TN leaching loss.  Preferential flow of 
urine resulted in high urea-N concentrations in the drainage water.  DCD is a nitrification inhibitor and 
by definition would have had no effect on urea hydrolysis and leaching.  The significant urea-N 
contribution to cumulative TN leaching likely disguised the observed effect of DCD on NO3
-
 leaching.   
The peak NO3
-
-N concentration in the lysimeter drainage was reduced on average from 207 to 88 and 
from 106 to 45 mg N L
-1
 by DCD where urine was applied at 1000 and 500 kg N ha
-1
 respectively. 
This corresponded to an average reduction of 57% and was consistent between the urine N rates.  
Dennis et al. (2012), found 50 and 52% reductions in peak NO3
-
-N concentration with use of DCD on 
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two Irish soils.  The peak NO3
-
-N concentrations in the DCD treatments were still above the MAC of 
11.3 mg NO3
-
-N L
-1
.  However, under field grazing conditions the annual average NO3
-
 concentration 
would be lower (Monaghan et al., 2009) than that from urine application to lysimeters.  Nevertheless, 
the significance of high N concentrations under urine patches in grazed pasture must be recognised, if 
the goal of ‘good’ status for Irish waters is to be achieved by 2015.   
5.4.3 Field scale nitrate leaching 
The leaching losses presented here are measured from directly under urine patches.  Grazed pasture is 
covered by urine and non-urine patch areas, therefore field-scale calculations must take into account 
the non-urine patch areas.  Recent studies of urine patch distribution in New Zealand and Irish grazed 
pastures produced annual average field coverage by urine patches of 23% (Dennis et al., 2011; Moir et 
al., 2011), depending on the stocking rate.  The field scale leaching loss will depend on the stocking 
rate as this will affect the proportion of the grazed area that receives urine.  The annual average field 
scale leaching loss (  ) can then be calculated by the following equation adapted from Di & Cameron 
(2000):  
   (       )  (        ) 
Equation 5.5:  Calculation for annual average field scale N leaching loss (Di and Cameron, 
2000) 
where    and     are the cumulative annual NO3
-
-N leaching losses from urine and non-urine areas 
respectively.  Using Equation 5.5 for the NO3
-
-N leaching results obtained in the current study, the 
calculated    was 32.8, 37.3, 46.1 and 55.1 kg NO3
-
-N ha
-1
 for urine N rates 300, 500, 700 and 1000 
kg N ha
-1
 respectively.  The application of DCD reduced the calculated   to 23.9 and 36.6 kg NO3
-
-N 
ha
-1
 where urine was applied at 500 and 1000 kg N ha
-1
 respectively, which correspond to reductions 
of 35 and 33% respectively.  The control treatment was used to represent    in the above equation for 
the non-urine patch areas for both urine and DCD scenarios because there was no control plus DCD 
treatment.  It is important to note that the above calculations provide a ‘worst case’ scenario for 
autumn-applied urine patch NO3
-
 leaching loss, and that urine applied in the spring/summer period is 
less vulnerable to N leaching loss due to higher N uptake by the growing pasture.  These results were 
supported by similar studies using field-scale calculations (Silva et al., 1999; Di and Cameron, 2002d), 
and also supported by a field plot study conducted under grazing conditions (Monaghan et al., 2009).  
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5.4.4 Discussion summary 
 Increasing the urine N application rate increased the cumulative amount of total N leached 
(inorganic & organic forms) in a diminishing curvilinear relationship, on this free-draining 
sandy soil type under high rainfall and drainage rates in the autumn-winter period.  When the 
pasture was not growing, N leaching was the major loss pathway and thus an increasing 
quantity was leached as N inputs increased.  The proportion of the total N leached did not 
change with increasing urine N rate despite the increasing amount of total N loss.  At the 
higher N rates, the extra N was likely to have been utilised or transformed in another pathway 
such as pasture N uptake, immobilisation or denitrification. 
 Between 25-42% of the total N leached was dissolved organic N which was leached via 
preferential flow through macropores soon after urine application.  The source of the N, either 
from the urine or the native soil N, was unable to be identified as urea was not measured.  
 The application of DCD reduced the cumulative amount of nitrate-N leaching loss under urine 
patches, by on average 42%.  There was no effect of urine N rate on the efficacy of DCD.   
 Total N leaching was not reduced by DCD due mostly to the large contribution of urea-N to 
the total N leached.  
 The range in field scale losses of NO3
-
-N calculated for the range of urine N rates was 33 to 55 
kg N ha
-1
, which was reduced to 24 to 37 kg N ha
-1
, with the application of DCD. 
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5.5  Conclusions 
Cumulative leaching losses of total N, dissolved organic N (urea-N), NO3
-
-N, NH4
+
-N and NO2
-
-N 
increased with an increase in urine N application rate, which confirms the first and third hypotheses.  
The relationships were curvilinear, diminishing at the higher urine N rates, suggesting that the extra N 
was utilised in pathways other than leaching.  In the late autumn-winter period when pasture growth is 
low and rainfall is high, corresponding drainage rates are high and hence leaching is the major N loss 
pathway on free-draining soils.  The proportion of the applied urine that was leached did not change 
despite the increase in the cumulative amount of N leached with increasing urine N; which rejects the 
second hypothesis.  It is likely that the extra unaccounted for proportion of N was utilised or 
transformed in another pathway such as pasture uptake or immobilisation.  A significant proportion of 
urine N was leached as DON by preferential flow soon after application.  The rate of urine N applied 
did not affect the relative proportions of the total N leached as NO3
-
, NH4
+
 NO2
-
 or DON; which 
rejects the second hypothesis.  The application of DCD reduced the total NO3
-
-N leaching loss 
significantly in year one which confirms the fourth hypothesis, although the reduction was not 
consistent for the second year.   
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Chapter 6 
Pasture uptake 
6.1   Introduction 
Nitrogen (N) is an important nutrient for plant growth, and is usually the most limiting to pasture 
production in temperate grassland (Whitehead, 1995b).  Approximately 90% of the agricultural land 
area in Ireland is under permanent grassland (Richards et al., 2009), the majority of which is grazed by 
ruminant animals.  Changes to the European Union Common Agricultural Policy such as the Nitrates 
Directive (European Council, 1991), the Water Framework Directive (European Parliament and 
Council, 2000), and the EU’s Greenhouse Gas Effort Sharing Decision (European Parliament and 
Council, 2009), have placed importance on the lowering of N emissions to groundwater, surface water 
and the atmosphere.  Regulations (Anon., 2010) implementing the Nitrates Directive have placed 
restrictions on the application of N to grassland, such as the limit on the quantity of N from livestock 
manure deposited either mechanically or directly by grazing animals, of 170 kg N ha
-1
.  N fertiliser use 
and livestock numbers have decreased following these policy changes, and also as a result of the 
national quota for milk production of 5150 million litres being reached (Humphreys, 2008).  Recently 
the Food Harvest 2020 report from the Irish Department of Agriculture, Food and the Marine (DAFM) 
outlined ambitious targets, namely a 50% increase in milk production from the dairy industry by 2020 
(DAFM, 2011).  In order to meet these targets, there will be increased reliance on pasture as an animal 
food source, through an increase in the proportion of pasture in the animal diet, and an extended 
grazing system (O'Donovan et al., 2010).   With restrictions on N use and the rising global cost of N 
fertiliser, it is clear that the management of N in grazed pastures in Ireland is of key importance both 
economically and environmentally. 
In a grazed pasture, the herbage contains typically 3-5% N (Ledgard et al., 1982; Saunders, 1984; 
Moir et al., 2007).  Of the N ingested by the grazing animal, 60-90% is returned to the pasture in urine 
and dung (Haynes and Williams, 1993).  Approximately 75% of the N excreted in the urine is in the 
form of urea (Petersen et al., 1998).  The amount of N in a urine patch is mainly driven by the N 
content of the feed ingested, as well as by the type and age of animal, and its water and salt intake.  As 
the amount of N in the diet increases, the proportion of N excreted in the urine increases (Barrow and 
Lambourne, 1962). The rate of N deposited in a urine patch varies from 400 up to 1200 kg N ha
-1
 
(Haynes and Williams, 1993; Jarvis et al., 1995), which is often more than plants are able to utilise, so 
the extra N is vulnerable to loss via leaching and gaseous emission.  Other reported effects of urine N 
on pasture growth are ‘luxury uptake’ of N (Whitehead, 2000a), and urine scorch (Richards and 
Wolton, 1975).  In the late autumn, when plant uptake is low because the temperature is less than 5 °C, 
 148 
 
urine N is particularly vulnerable to loss via leaching and gaseous emissions (Di and Cameron, 2002b; 
Decau et al., 2003).   
Several studies have estimated the proportion of the grazed area of a paddock affected by urine, as 
being between 12 and 23% on an annual basis (Cuttle et al., 2001; Dennis et al., 2011; Moir et al., 
2011).  These studies have shown that the proportion of the paddock which is affected by urine 
patches increases with an increase in the animal stocking rate.  However, few studies have been 
carried out in Ireland on the effect of different rates of urine N deposition on pasture yield (Dennis et 
al., 2012), other than as a part of a N fertilisation programme in a grazing system (Humphreys and 
O'Connell, 2006).  A recent study found that urine applied at a rate of 1000 kg N ha
-1
 on large plots 
was reported to have had only a small effect on the annual pasture dry matter yield (O'Connor et al., 
2012), which is in contrast to reports under urine patches (Williams and Haynes, 2000; Di and 
Cameron, 2007; Moir et al., 2007). For example, Di and Cameron (2007) found that the pasture N 
uptake increased linearly with increasing urine N inputs.  There is therefore a need to clarify the effect 
of urine N on pasture yield and to account for the effects of varying urine N loads in grazed pastures in 
Ireland.  Some research has been conducted to reduce the excretion of urinary N by dietary 
manipulation, for example by reducing dietary crude protein (Mulligan et al., 2004; Misselbrook et al., 
2005; Whelan et al., 2011).  The range of urine N concentrations produced by reducing the N 
excretion could result in a range of urine N loading rates in the field (assuming equal urine volumes).   
One option to improve the recycling of N in grazed pastures is the use of a nitrification inhibitor 
(Prasad and Power, 1995; Zerulla et al., 2001; Di and Cameron, 2004b), which reduces the rate of 
oxidation of ammonium (NH4
+
) to nitrate (NO3
-
) by inhibiting the activity of nitrifying bacteria (Di et 
al., 2009).  The nitrification inhibitor dicyandiamide (DCD) is used to reduce N losses from urine 
patches in grazed pasture in New Zealand under the commercial name eco-N
TM
.  The application of 
DCD is reported to have reduced NO3
-
 leaching losses from urine patches by up to 83% (Di and 
Cameron, 2002c, 2004b, 2005, 2007; Menneer et al., 2008b; Singh et al., 2009), nitrous oxide 
emissions by 70% (Di and Cameron, 2006, 2008; de Klein et al., 2011) and through uptake of 
accumulated NH4
+
-N, increased the annual pasture dry matter yield (Di and Cameron, 2007; Carey et 
al., 2012).  Therefore the use of DCD nitrification inhibitor in Ireland may provide an opportunity to 
meet industry targets and environmental obligations, through improved recycling of N in grazed 
pastures. 
The objectives of the study were therefore to quantify the relationship between the urine N application 
rate (as a function of N concentration) and the amount of N taken up by pasture in Ireland, with and 
without the nitrification inhibitor DCD.   
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The hypotheses for the study were: 
1. That an increase in the rate of urine N applied would increase the pasture N uptake.  
2. That an increase in the rate of urine N applied would increase the proportion of N taken up by 
the pasture. 
3. That the DCD nitrification inhibitor would increase the pasture N uptake, regardless of the 
rate of urine N applied. 
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6.2   Materials and methods 
6.2.1 Lysimeter pasture 
The lysimeters were collected from two sites at the Teagasc Moorepark Dairy Production Centre in 
County Cork, Ireland, in mid October 2009 and mid December 2010.   The lysimeter collection is 
described in Section 3.3.  The existing pasture (Plate 6.1) was sown with perennial ryegrass (Lolium 
perenne L.) seed in 2008.  The perennial ryegrass cultivar at the year one collection site was ‘Denver’ 
and at the year two site, a mixture of the cultivars ‘Gilford’ and ‘Port Stewart’ which were late 
flowering diploids suited to dairy cattle grazing.  The sites had been rotationally grazed by dairy cattle 
since 2008.  Soil fertility was adequate for pasture growth, with soil P and K levels classed as 
sufficient and unlikely to respond to additional fertiliser applications (Section 3.2.2).  
 
Plate 6.1:  The lysimeters were collected from an existing perennial ryegrass (Lolium perenne 
L.) pasture which was sown in 2008. 
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Four weeks prior to lysimeter collection the sites were fenced off from grazing animals and received 
no mineral N fertiliser.  Prior to lysimeter collection in year two, the site was sprayed using the 
herbicide CMPP (trade name Mecoprop-p) to eradicate white clover (Trifolium repens L.) and dock 
(Senecio spp L.), which might have affected the uniformity of pasture growth between individual 
lysimeters.  The pasture composition at the time of lysimeter collection was close to 100% perennial 
ryegrass.  Immediately prior to the extraction of each lysimeter, the pasture was cut to approximately 
30 mm using hand clippers (Plate 6.2).   
 
Plate 6.2:  The pasture was cut to approximately 30 mm using hand clippers, prior to lysimeter 
collection. 
Following collection, the lysimeters were transported and installed in an existing facility at Teagasc 
Johnstown Castle Research Centre in County Wexford.  Plate 6.3 shows the complete set of lysimeters 
following installation in year one.  
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Plate 6.3:  The lysimeter facility at Teagasc Johnstown Castle, County Wexford, in year one. 
6.2.2 Experimental treatments 
The experiments consisted of single autumn-applied urine applications to the different sets of 
lysimeters in years one and two.  On the day of urine application, the lysimeter pasture was cut using 
scissors to approximately 20 mm height.  The urine was applied on 15 December 2009 in year one and 
28 December 2010 in year two.   The DCD nitrification inhibitor was applied in split applications of 
15 kg ha
-1
 on 16 December 2009 and 17 February 2010 in year one and on 29 December 2010 and 8 
March 2011 in year two.  The annual DCD application was 30 kg DCD ha
-1
 which is higher than what 
is commercially recommended in New Zealand (Di and Cameron, 2005), but was increased to account 
for the higher rainfall input in Ireland (Dennis et al., 2012).  A description of the treatments applied to 
lysimeters in years one and year two is shown in Table 6.1.  Further treatment details are described in 
Section 3.4 and the dates of treatment application are shown in Appendix B. 
Table 6.1:  Summary of treatments applied to lysimeters in year one and year two. 
Treatment name Description 
Control No N 
Fertiliser 275 kg N ha
-1
 (year one); 306 kg N ha
-1
 (year two) 
U300 300 kg N ha
-1 
urine  
U500 500 kg N ha
-1 
urine  
U500+DCD 500 kg N ha
-1 
urine; 30 kg DCD ha
-1
 (split applications) 
U700 700 kg N ha
-1 
urine  
U1000 1000 kg N ha
-1 
urine  
U1000+DCD 1000 kg N ha
-1 
urine; 30 kg DCD ha
-1
 (split applications) 
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No mineral fertiliser was applied in the urine treatments.  A mineral fertiliser only treatment was 
applied in split applications of N to lysimeters as urea or calcium ammonium nitrate (CAN) (Table 
6.2) following established practice on an Irish dairy farm for a stocking rate of 3 cows ha
-1
 (Teagasc, 
2008).  The fertiliser was in granule form and was spread by hand, evenly, over the lysimeter pasture 
approximately monthly, immediately following each pasture harvest.  The dates of the fertiliser 
applications are shown in Appendix B. 
Table 6.2:  Nitrogen fertiliser application schedule in years one and two. 
Month 
Application rate 
(kg N ha
-1
) 
Fertiliser form* 
Jan/Feb 31 (ex. year one) Urea 
March 54 Urea 
April 54 Urea 
May 56 CAN 
June 37 CAN 
July 37 CAN 
September 37 CAN 
TOTAL year one 275  
TOTAL year two 306  
*CAN – Calcium ammonium nitrate 
 
6.2.3 Field measurement and analysis 
Pasture was harvested from the lysimeters approximately monthly in order to simulate a typical dairy 
grazing system in Ireland.  The pasture on the lysimeters was cut to 20 mm height using scissors and 
electric grass clippers (Plate 6.4).  At the start of the experiment, the pasture was cut prior to urine 
application (harvest zero; Table 6.3). All of the pasture harvested from each lysimeter was transferred 
into cellophane bags.  Six harvests were made in year one and nine in year two (Table 6.3), and the 
period of measurement was 289 days and 321 days, respectively.  The number of harvests was lower 
in year one due to low pasture yields.  Pasture was cut on 16 February 2010, but the amount of 
herbage collected was lower than the amount required for analysis.   
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Table 6.3:  Dates of the pasture harvests in year one and year two.  
Harvest Date 
 Year one Year two 
0 15-Dec-09 28-Dec-10 
1 16-Feb-10* 8-Mar-11 
2 16-Apr-10 8-Apr-11 
3 20-May-10 12-May-11 
4 21-Jun-10 13-Jun-11 
5 27-Jul-10 11-Jul-11 
6 24-Aug-10 3-Aug-11 
7 29-Sep-10 8-Sep-11 
8  3-Oct-11 
9  14-Nov-11 
*No herbage analysis, insufficient quantity of 
pasture for analysis. 
 
 
Plate 6.4:  Pasture was cut to approximately 20 mm using scissors or electric clippers and the 
harvested herbage removed. 
The fresh weight of the pasture harvested from each lysimeter was recorded, and then the bags 
containing the pasture from each lysimeter were placed in a drying oven at 100 °C for 16 hours 
(overnight), or until the samples were at a constant weight.  In year one, the drying practice at Teagasc 
Johnstown Castle was 16 hours at 100 °C, however this was changed to 70 °C for 24 hours in year 
two.  This was changed because a drying temperature of 70 °C is recommended to reduce the potential 
loss of volatile N compounds (Sharkey, 1970).  Drying pasture at a temperature of 70 °C for 48 hours 
prior to analysis for plant N, is established practice at Lincoln University, New Zealand.  After drying, 
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sample weights were recorded, which were the dry matter yields for each lysimeter.  Dried plant 
samples were individually ground to 1 mm using a Christy and Norris 5 inch hammer mill and sealed 
in plastic cups to prevent moisture accumulation in the period prior to analysis.  Dried pasture samples 
were corrected for 4% moisture, which was found to have accumulated during a storage time of 
between two weeks and one month.  
Total N was determined using Kjehldahl digestion (Byrne, 1979), followed by colorimetric analysis 
(Basson et al., 1968).  In brief, a sub-sample of the dried and ground pasture sample was mixed with 
concentrated sulphuric acid and hydrogen peroxide, in the presence of selenium (as a catalyst), and 
digested at a temperature of 150 °C for one hour, followed by 390 °C for 1.5 hours. The resulting 
digest was then cooled, filtered (Whatman 2 filter paper) and diluted with distilled water so that the 
sulphuric acid concentration in the digest was 8.8%.  The ammonia in the digest was then reacted with 
salicylate and dichlorisocyanurate under alkaline conditions, with nitroprusside as a catalyst.  The 
indophenol produced was measured colorimetrically at 650 nm on a continuous flow analyser 
(Burkard Scientific, UK) and the N concentration determined using a calibration curve (Basson et al., 
1968; Byrne, 1979).  The N content was expressed as percentage N in the pasture dry matter.  
6.2.4 Calculations 
The total dry matter (DM) yield and total N uptake were calculated on a per hectare basis for each 
lysimeter using the following equations: 
              (         )               (         )             
Equation 6.1:  Calculation for total pasture dry matter yield 
              (        )               (         )                
Equation 6.2:  Calculation for total pasture N uptake 
where the               and             were the pasture dry matter yields on a per hectare and 
per lysimeter basis respectively (kg DM ha
-1
).    was the proportion of N in the pasture dry matter, 
    was the conversion factor for the lysimeter surface area to hectares, which was 55262, and     
was the conversion factor for g to kg, which was 0.001.   
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6.2.5 Pasture maintenance 
Pasture growth was noticeably low throughout the year one measurement period.  The plant 
population or pasture ‘cover’ was lower in the spring than prior to the beginning of the experiment in 
autumn.  In year two, the recovery of the pasture was again slow in spring, so the lysimeters were 
oversown with ryegrass seed to encourage pasture growth.  Perennial ryegrass seed (cultivar Denver) 
was spread by hand over the surface of the lysimeter soil on 21 March 2011 following harvest one, at a 
sowing rate of 10 kg ha
-1
. 
6.2.6 Climatic measurements 
Measured variables included the daily rainfall (mm) and the average daily air temperature (°C), which 
were obtained from the Johnstown Castle weather station situated immediately adjacent (Plate 6.5) to 
the lysimeter facility via the Met Eireann (Irish National Meteorological Service) database.  Climate 
data was displayed for seven days prior to urine application until the final day of the experimental 
period which was 289 days after urine application in year one, and 321 days in year two. 
 
Plate 6.5:  The Johnstown Castle weather station was situated adjacent to the lysimeter facility. 
6.2.7 Statistical analysis 
Analysis of variance (ANOVA) was carried out on the cumulative total dry matter yield, cumulative 
total N uptake, and average pasture N content for each year, as well as for each harvest, to determine 
the difference between the two blocks, as well as the between treatment effects.  The differences 
between treatments were shown using a least significant difference test (LSD) (P < 0.05).  The 
ANOVA also included examination of two sets of orthogonal contrasts. The first set consisted of the 
linear and quadratic contrasts for the five urine rates 0, 300, 500, 700 and 1000 kg N ha
-1
 (in the 
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absence of DCD).  The second set consisted of the 2x2 factorial contrasts for the factors urine rate 
(500, 1000) and DCD (-, +).  Additional LSD tests (P < 0.05) were carried out for the proportion of N 
taken up by the pasture as a percentage of the N applied, from all treatments except the control in each 
year. 
The term ‘quadratic’ describes the situation where there was statistically significant evidence of 
curvature in the relationship between urine N rate and a pasture factor.  The shape of the quadratic 
curvature is discussed in the text.  
 
6.3   Results 
6.3.1 Climate 
The experimental period was 289 days in year one and 321 days in year two.  The air temperature on 
each day in years one and two is shown in Figure 6.1 and Figure 6.2, respectively.  The average daily 
air temperature for the year one experimental period was 9.7 °C, which was cooler than the 30-year 
average for the area (January-September) of 10.5 °C.  In the year two experimental period the average 
daily air temperature was 10.6 °C, which was similar to the 30-year average for area (January-
November) of 10.4 °C.  Following winter, the daily average air temperature increased to above 5 °C 
later in year one than in year two, indicating a cooler spring.  The average monthly air temperatures 
for February and March in year one were 4.3 and 6.0 °C respectively, and for January and February in 
year two were 4.7 and 7.3 °C respectively.  Significant snowfall events occurred 2 and 22, 23 and 24 
days after urine application in year one (17 December 2009, 6
th
, 7
th
 and 8
th
 January 2010 respectively), 
and eight days before urine application (20 December 2010, year two), both of which were highly 
unusual for the area.  Additionally, several hard frosts occurred during both years, freezing surface soil 
and significantly reducing soil temperature. 
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Figure 6.1:  Year one average daily air temperature.  The arrow indicates the date of urine 
application. 
 
 
Figure 6.2:  Year two average daily air temperature.  The arrow indicates the date of urine 
application. 
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Apart from the treatments, natural rainfall was the only water applied to the lysimeters.  Cumulative 
total rainfall inputs for the year one and year two experimental periods were 777 and 760 mm  (Figure 
6.3 and Figure 6.4, respectively).  The long-term average for the same period was 587 and 779 for year 
one and year two respectively.  Total evapotranspiration (ET) losses were 395 mm in year one and 407 
mm in year two.  In year one, there were five days where the rainfall input exceeded 25 mm, compared 
to two days in year two, one of which was the day prior to urine application.  In the first 100 days 
following urine application, cumulative rainfall was 308 mm in year one and 271 mm in year two.  
This corresponded to 40 and 36% of the total rainfall inputs during the pasture measurement period in 
years one and two, respectively.  During the summer months of June and July, when a soil moisture 
deficit is most likely to occur, the cumulative rainfall input was 188 mm in year one and 176 mm in 
year two, which were higher than the average (101 mm) for the area.  
 
Figure 6.3:  Year one daily rainfall and cumulative rainfall and evapotranspiration (ET).  The 
arrow indicates the date of urine application. 
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Figure 6.4:  Year two daily rainfall and cumulative rainfall and evapotranspiration (ET).  The 
arrow indicates the date of urine application. 
6.3.2 Pasture dry matter yield 
The pasture dry matter yield in year one ranged from 2647 to 8264 kg DM ha
-1
 in the control and 
U1000+DCD treatments, respectively, and in year two ranged from 5915 to 16667 kg DM ha
-1
 in the 
control and U1000 treatments, respectively (Table 6.4).  In year two, the dry matter yield was between 
1.8 and 2.9 times the yield in year one.  In the fertiliser only treatment in year one, the total dry matter 
yield was 6192 kg DM ha
-1
, which was significantly higher than in the control, U300 and U500 
treatments (P < 0.05), and not significantly different from the U700, U1000, U500+DCD or 
U1000+DCD treatments (P > 0.05).  In year two, the total dry matter yield in the fertiliser only 
treatment was 11833 kg DM ha
-1
, which was higher than the control and U300 treatments (P < 0.05), 
and not significantly different from the U500, U700 or U500+DCD treatments (P > 0.05).   
An increase in the rate of urine N applied to lysimeters increased the pasture dry matter yield, and the 
relationship was linear in year one and year two (P < 0.001; Table 6.4).  The relationships were 
described by the following equations in year one (y = 3.9607x + 2380.6) and year two (y = 10.5x + 
5905.3), where y is the pasture dry matter yield, and x is the urine N rate applied (Figure 6.5 and 
Figure 6.6, respectively).   
The application of DCD in the U500 treatment significantly increased the total dry matter yield by 
52% in year one from 4284 to 6497 kg DM ha
-1
 in the U500 and U500+DCD treatments, respectively 
(Table 6.4).  There was no significant effect of the DCD on the total dry matter yield where the urine 
N rate applied was 500 kg N ha
-1
 in year two (P > 0.05), or where the urine N rate was 1000 kg N ha
-1
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in year one or year two (P > 0.05).  The dry matter yields from the individual harvests in year one and 
year two are shown in Appendix D.1.  
Table 6.4:  Cumulative total pasture dry matter yield from individual harvests as affected by 
urine N rate and DCD application. 
Treatment 
Total dry matter yield  
(kg DM ha
-1
) 
% change  
by DCD
2
 
  Year 1 Year 2 Year 1 Year 2 
Control 2647 d 5915 d   
Fertiliser 6192 b 11833 b   
U300 3771 cd 8802 c   
U500 4284 c 12377 b   
U700 4651 c 13119 b   
U1000 7269 ab 16667 a   
U500+DCD 6497 b 11708 b 51.7 NS 
U1000+DCD 8264 a 15587 a NS NS 
LSD (0.05)
1
 1235.9  2002.0    
Significance of contrasts
3
             
Urine rate effect:
4
       
Linear ***  ***    
Quadratic NS   NS       
Urine rate*DCD:
5
       
Main effect urine ***  ***    
Main effect DCD **  NS    
Interaction NS   NS       
1
 Letters indicate a significant difference between two treatments at P < 0.05.  Least significant 
difference (5%) calculated from all treatments including control.  
2 
% change by DCD = [((DM yield, urine+DCD) – (DM yield, urine)) / (DM yield, urine+DCD)]  
x 100.  Value displayed where significant P < 0.05.  
3
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05. 
4
 Urine rate effect based on contrasts of 5 urine treatments including control. 
5
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
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Figure 6.5:  The relationship between urine N rate and pasture dry matter yield in year one.  
 
 
Figure 6.6:  The relationship between urine N rate and pasture dry matter yield in year two.  
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6.3.3 Pasture N content 
The range in the average N content of the pasture was 2.1-3.3% in year one and 2.6-4.1% in year two 
(Table 6.5).  The increase in the rate of urine N application increased the N content of the pasture, and 
the relationship was quadratic in year one and year two (P < 0.001).  The curvilinear (exponential) 
relationships were described by the following equations for year one (y = 1E-06x
2
 - 0.0003x + 2.1497) 
and year two (y = 1E-06x
2
 - 4E-05x + 2.6433) where y is the pasture N content (%) and x is the urine 
N rate applied (kg N ha
-1
) (Figure 6.7 and Figure 6.8, respectively).   
The application of DCD increased the pasture N content from 2.3 to 2.7% in the U500 and 
U500+DCD treatments, respectively, in year one (P < 0.05), which corresponded to an 18% increase 
(Table 6.5).  In year two, the DCD application increased the N content where urine was applied at 
1000 kg N ha
-1
, from 3.7 to 4.1% (P < 0.05), which corresponded to a 12.3% increase.  In the 2x2 
factorial of urine N rate and DCD application, there was a significant interaction in year two (P < 
0.05; Table 6.5).  The pasture N content from the individual harvests in year one and year two is 
shown in Appendix D.2.  
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Table 6.5:  Average pasture N content (%) in year one and year two as affected by urine N rate 
and DCD application. 
Treatment N content (%N) % change by DCD
2
 
  Year 1 Year 2 Year 1 Year 2 
Control 2.13 d 2.63 d   
Fertiliser 3.10 a 3.14 c   
U300 2.23 d 2.74 d   
U500 2.31 cd 2.98 c   
U700 2.55 bc 3.02 c   
U1000 3.19 a 3.67 b   
U500+DCD 2.73 b 3.05 c 18.2 NS 
U1000+DCD 3.26 a 4.12 a NS 12.3 
LSD (0.05)
1
 0.294  0.222    
Significance of contrasts
3
             
Urine rate effect:
4
       
Linear ***  ***    
Quadratic **   **       
Urine rate*DCD:
5
       
Main effect urine ***  ***    
Main effect DCD *  **    
Interaction NS   *       
1
 Letters indicate a significant difference between two treatments at P < 0.05.  Least 
significant difference (5%) calculated from all treatments including control.   
2 
% change by DCD = [((N content, urine+DCD) – (N content, urine)) / (N content, 
urine+DCD)] x 100.  Value displayed where significant P < 0.05. 
3
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 
0.05. 
4
 Urine rate effect based on contrasts of 5 urine treatments including control. 
5
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
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Figure 6.7:  The relationship between urine N rate and the pasture N content in year one. 
 
Figure 6.8:  The relationship between urine N rate and the pasture N content in year two. 
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6.3.4 Pasture N uptake 
The range in total amount of N taken up by the pasture was 54.5 to 240.1 kg N ha
-1
 in the control and 
U1000+DCD treatments, respectively, in year one, and 149.0 to 615.7 kg N ha
-1
 in the control and 
U1000+DCD treatments, respectively, in year two (Table 6.6).  Pasture N uptake in year two was 
between two and four times higher than that found in year one.  The proportion of the N applied that 
was taken up by the pasture in the fertiliser treatment was 41.8% in year one and 65.3% in year two, 
which was significantly higher than in the urine and DCD treatments in both years (P < 0.05).  The 
ranges in the percentage N uptake in the urine treatments only, was 6.2-14.3% in year one and 24.5-
43.2% in year two.  The proportion of N taken up by the pasture varied little with an increase in the 
rate of urine N applied (Table 6.6).  
Increasing the rate of urine N applied produced significant quadratic relationships with the amount of 
N taken up by the pasture in year one (P < 0.01), and year two (P < 0.05) (Table 6.6).  The 
relationships were described by the following equations in year one (y = 0.0002x
2
 - 0.0384x + 59.832) 
and year two (y = 0.0002x
2
 + 0.1931x + 149.94) where y was the pasture N uptake and x was the urine 
N rate applied (Figure 6.9 and Figure 6.10, respectively). 
The application of DCD had a highly significant (P < 0.001) effect on pasture N uptake in year one, 
but not in year two (P > 0.05; Table 6.6).  Where urine was applied at 500 kg N ha
-1
, the application of 
DCD increased pasture N uptake from 88.0 to 153.7 kg N ha
-1
 in year one, which corresponded to a 
75% increase (P < 0.05).  There was no significant effect of DCD on pasture N uptake in the 
U500+DCD treatment in year two, or in the 1000+DCD treatment in year one or two (P > 0.05).  The 
pasture N uptake from the individual harvests in year one and year two is shown in Appendix D.3.  
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Table 6.6:  Cumulative total pasture N uptake as affected by urine N rate and DCD application. 
Treatment 
Total N uptake  
(kg N ha
-1
) 
% N uptake  
(% N applied)
1
 
% change  
by DCD
2
 
  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 
Control 54.50 e 149.00 d       
Fertiliser 169.40 b 348.70 b 41.8 a 65.3 a   
U300 76.30 de 228.10 c 6.7 cd 24.5 c   
U500 88.00 de 345.50 b 6.2 d 37.0 bc   
U700 105.50 cd 378.90 b 6.7 cd 31.9 bc   
U1000 208.70 a 594.10 a 14.3 bc 43.2 b   
U500+DCD 153.70 b 336.30 b 18.3 b 35.2 bc 74.7 NS 
U1000+DCD 240.10 a 615.70 a 17.2 b 45.3 b NS NS 
LSD (0.05)
3
 35.75  70.19  7.57  13.37    
Significance of contrasts
4
                     
Urine rate effect:
5
           
Linear ***  ***        
Quadratic **   *               
Urine rate*DCD:
6
           
Main effect urine ***  ***        
Main effect DCD ***  NS        
Interaction NS   NS               
1
 % N uptake = [((N uptake, urine±DCD) – (N uptake, control)) / (N uptake, urine±DCD)] x 100. 
2 
% change by DCD = [((N uptake, urine+DCD) – (N uptake, urine)) / (N uptake, urine+DCD)] x 100.  Value displayed where 
significant P < 0.05. 
3
 Letters indicate a significant difference between two treatments at P < 0.05.  Least significant difference (5%) calculated from 
all treatments including control.   
4
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05.   
5
 Urine rate effect based on contrasts of 5 urine treatments including control. 
6
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+).
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Figure 6.9  The relationship between urine N rate and the total amount of N taken up by the 
pasture in year one. 
 
Figure 6.10:  The relationship between urine N rate and the total amount of N taken up by the 
pasture in year two. 
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6.4   Discussion 
6.4.1 Effect of urine N rate on N uptake and dry matter yield 
Years one and two differed markedly in terms of total dry matter yield and total pasture N uptake 
(Table 6.4 and Table 6.6, respectively).  Pasture growth in year one was unusually low, the reasons for 
which are discussed in Section 6.4.2.   
In year two the total dry matter yield ranged from 5915 to 16667 kg DM ha
-1
 and the total N uptake 
ranged from 149 to 594 kg N ha
-1
, in the control and U1000 treatments, respectively.  These results are 
within the range of 133 to 632 kg N ha
-1
 and 4420 to 19740 kg DM ha
-1
, found in a similar study from 
urine N inputs of 0 up to 1000 kg N ha
-1
 (Di and Cameron, 2007).  A study by Dennis et al. (2012) on 
three Irish soils reported N uptake and dry matter yields of 74 to 388 kg N ha
-1
 and 2460 to 10810 kg 
DM ha
-1
, respectively from N inputs of 0 up to 635 kg N ha
-1
 applied as urine and fertiliser.  Other 
studies have reported dry matter yields similar to the 16667 kg DM ha
-1
 yield reported here, where 
urine was applied at a rate of 1000 kg N ha
-1
 to lysimeters (Di and Cameron, 2004b, 2005).  Moir et al. 
(2007; 2012b) reported dry matter yields of between 9988 and 14876 kg DM ha
-1
 from urine applied at 
1000 kg N ha
-1
 to field plots in late autumn and winter, respectively.  The fertiliser only treatment (no 
grazing), produced a dry matter yield of 11833 kg DM ha
-1
 in year two of this study.  This was similar 
to the 10010 kg DM ha
-1
 yield reported by Humphreys and O’Connell (2006) at Teagasc Moorepark 
on the same soil type and pasture.  The dry matter yields in this study were also within the range of the 
annual dry matter yields recorded at Teagasc Moorepark, both grazed and N fertilised, from 1982 to 
2009, which was 11000-18600 kg DM ha
-1
 (14000 kg DM ha
-1
 average) (O'Donovan et al., 2010).   
Increasing the rate of the urine N applied resulted in a highly significant curvilinear (exponential) 
increase in the total dry matter yield (Figure 6.5 and Figure 6.6), regardless of the difference between 
the dry matter yields in year one and year two.  This shows the response of the pasture to N 
availability in the soil, as a result of the increase in urine N rate.  In a summary of UK data, Whitehead 
(2000a) described a linear increase in yield with increasing N fertiliser, producing a response of 20 to 
30 kg DM per kg N applied, up to around 250 to 300 kg N ha
-1
, after which the response declined.  At 
higher N inputs, the pasture response per kg of additional N decreases until the maximum yield has 
been obtained, and the response to additional N was zero (Whitehead, 2000a).  Monaghan et al. (2005) 
reported a reduction in the dry matter response per kg of fertiliser N input, from 15, 13 to 9 kg DM ha
-
1
, from fertiliser rates 100, 200 and 400 kg N ha
-1
 respectively.  From urine N inputs of 0 up to 1000 
kg N ha
-1
, Di and Cameron (2007) described a significant linear relationship between the urine N rate 
applied and the annual pasture dry matter yield, which was similar to the results reported here.  For 
every kilogram of N applied, the pasture dry matter yield increased by 17 kg DM ha
-1
, which was 
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similar to the results in year two of this study, where the dry matter yield response was 11 kg DM ha
-1
 
for each additional kg of urine N applied (Figure 6.6).  The curvilinear (exponential) increase in both 
N uptake and N content suggests that the pasture was taking up additional N at the 1000 kg N ha
-1
 rate.  
This trend was not reflected in the dry matter yield, which was linear, and therefore it suggests a 
biological maximum point for pasture growth had been reached.  Despite this finding, the resulting 
increase from this lysimeter trial confirms Hypothesis #1: “That an increase in the rate of urine N 
applied would increase the pasture N uptake.”  
It is worth noting that no additional fertiliser was applied to the urine-treated lysimeters.  The urine 
application in autumn constituted the only input of N to the lysimeters for the pasture growth during 
the growing season that followed, other than the N supplied by the soil itself via mineralisation.  Each 
lysimeter represented a urine patch in the field.  Despite the high N loading rates applied in the urine, 
not all of the N remained in the plant rooting zone.  The combination of the liquid addition of urine N 
infiltrating into the soil, and the free-draining nature of the soil mean that a large amount of the urine 
N probably infiltrated below the topsoil root zone.  This helps to explain the higher N recovery in the 
fertiliser only treatments compared with the urine treatments (Table 6.6).  In addition, the N in the 
fertiliser treatment was applied throughout the season, so the opportunity for plant uptake was greater 
than from the single application of urine N.  Similar studies applied N fertiliser, often in split 
applications, in addition to either a single urine application (Di and Cameron, 2004b, 2005), or as a 
part of a grazed system (Monaghan et al., 2009).  This meant that the reported dry matter yields and N 
uptake were higher than those reported here, which was probably due to a slightly higher total N input 
(Di and Cameron, 2007), and the N inputs better matching the N requirements of the pasture during 
the growing season (Monaghan et al., 2009).  For example, where the pasture received N in urine and 
dung recycled during grazing, the annual dry matter yield was increased from 7141 to 10010 kg DM 
ha
-1
 by increasing the fertiliser input from 90 to 350 kg N ha
-1
 (Humphreys and O'Connell, 2006).  In 
another study, Monaghan et al. (2009) reported 256 to 468 kg N ha
-1
 annual grass N uptake, and 6808 
to 12162 kg N ha
-1
 annual dry matter yields from a grazed pasture (including urine and inter-urine 
areas), over a four year period with approximately 200 kg N ha
-1
 applied in split fertiliser inputs.  In 
the current study, N fertiliser was not applied to the urine treatment lysimeters, and was applied as a 
separate treatment, so that the effects of urine N and fertiliser N could be separated.  If fertiliser N was 
applied to the lysimeters in the urine treatments, then the annual N uptake and dry matter yields would 
probably have been higher.   
Despite the increases in the N uptake and the dry matter yield of the pasture, the proportion of the 
applied N taken up, did not change significantly with the increasing urine N rate (Table 6.6).  Total N 
uptake from the urine and DCD treatments in year two was 25-45% of the urine N applied.  The 
results of this lysimeter trial prove that Hypothesis #2: “that an increase in the rate of urine N applied 
would increase the proportion of N taken up by the pasture,” is rejected.   The range in the pasture N 
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uptake as a proportion of the N applied in a urine patch is reported in the literature to be from 20 to 
over 50% (Fraser et al., 1994; Di et al., 2002; Di and Cameron, 2004b, 2005; Zaman and 
Blennerhassett, 2010; Moir et al., 2012b).  Di & Cameron (2007) reported N uptake percentages of 76, 
45 and 50% of the N applied from the urine N application rates of 300, 700 and 1000 kg N ha
-1
, 
respectively.   
There are several possibilities for the fate of the N that was not utilised by the pasture in this study.  
The extra N may have been removed or transformed in other pathways such as leaching (Chapter 5), 
immobilisation (Fraser et al., 1994; Williams and Haynes, 1994; Clough et al., 1998; Williams and 
Haynes, 2000), gaseous emissions of nitrous oxide (Chapter 4), di-nitrogen (Monaghan and 
Barraclough, 1993), or nitric oxide (Lovell and Jarvis, 1996b; Clough et al., 2003).   Volatilisation of 
ammonia was likely to be minimal because of the rainfall events surrounding the time of urine 
application which would reduce the amount of N at the soil surface.  Significant quantities of urine N 
may also have been stored in the pasture roots and stubble (Di et al., 2002).  The fate of the urine N in 
this soil is described using a 
15
N balance for urine applied at 1000 kg N ha
-1
, with and without DCD, in 
Section 7.3.  
6.4.2 Pasture growth 
Pasture growth was exceptionally low in year one.  A typical example of the low year pasture growth 
is shown in Plate 6.6.  The range in total N uptake and total dry matter yield for year one were 55-240 
kg N ha
-1
 and 2647-8264 kg DM ha
-1
 respectively, from N inputs of 0 up to 1000 kg N ha
-1
.  In a 
similar study, the control treatment with 20 kg N ha
-1
 fertiliser applied, produced N uptake and dry 
matter yields of 133 kg N ha
-1
 and 4420 kg DM ha
-1
 (Di and Cameron, 2007).  In the same study, 
where urine was applied at a rate of 300 kg N ha
-1
 (plus 20 kg N ha
-1
 urea) N uptake and dry matter 
yield were increased to 361 kg N ha
-1
 and 10820 kg DM ha
-1
, respectively.  This far exceeds the N 
uptake and DM yield found in this study from the highest N input of 1000 kg N ha
-1
.  In another study 
on the same soil and pasture, where there was zero grazing or fertiliser N inputs, the annual dry matter 
yieldwas 4856 kg DM ha
-1
 and the pasture N uptake was 117 kg N ha
-1
 (Humphreys and O'Connell, 
2006).  It is clear that pasture growth in year one was limited, and there are several possible reasons 
for this. 
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Plate 6.6:  An example of the low pasture growth which was typical for the lysimeters in year 
one. 
All of the lysimeters in year one, regardless of the treatment applied, showed reduced pasture growth.  
This includes the fertiliser only treatment, which received zero urine and seven split applications of N 
as urea or CAN throughout year one (total N inputs of 275 kg N ha
-1
), and also produced very low 
uptake and dry matter yield of 169 kg N ha
-1
 and 6192 kg DM ha
-1
, respectively.  Importantly, this 
observation discounts any effects of the application of urine on pasture growth, for example urine 
scorch (Doak, 1952; Richards and Wolton, 1975), or a deficiency of N caused by the rapid movement 
of the urine below the topsoil root zone.   
The most likely reason for the reduced pasture uptake and yields observed in year one is the reduced 
population of growing ryegrass plants, caused by damage from over-cutting of the herbage, followed 
by a particularly harsh winter.  The estimated height at which the pasture was cut was 20 mm, 
however in some cases the plants may have been cut to less than 10 mm.   The low level cutting of the 
pasture may have removed the ryegrass plant growing point, resulting in plant death, or reduced the 
amount of above-ground shoot material to a level at which the recovery was slow or non-existent.   
Furthermore, the pasture was cut in year one in late autumn when the pasture had probably stopped 
growing, when the temperature dropped below 5 °C and levels of solar radiation were decreasing.  The 
particularly harsh winter conditions that year, including a significant snowfall event two days 
following the pasture cut, and the multiple frost days, may also have added to the damage made by the 
over-cutting.  Frosts occurred on 23 out of the 28 days following urine application, as indicated by 
below zero daily average temperature at ground level (data not shown).  When growing conditions 
improved in the early spring, the number of growing plants in each lysimeter was lower than at the 
beginning of the trial in the previous autumn, and hence the dry matter yield and N uptake were 
reduced.  These observations are however unusual for perennial ryegrass pastures, which typically 
show good persistence, and recovery following grazing (Langer and Hill, 1991).   
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The plant concentrations of the nutrients N, phosphorus (P), potassium (K), magnesium (Mg) and 
calcium (Ca), tended to be lower than those found in a urine patch (Table 6.7) (Moir et al., 2007), but 
still within the range for adequate pasture growth (Whitehead, 2000c).   The competition of weeds 
such as moss with the ryegrass was reported to have reduced pasture production in a similar study in 
Ireland (Dennis et al., 2012).  There was some weed appearance following winter in year one of this 
study, for example moss (Bryophyta family) and dock (Rumex obtusifolius L.). There were few weeds 
present and in only some of the lysimeters, so they were removed by hand.  There was some evidence 
of rabbit grazing of the lysimeter pasture, and scratching of the soil surface, although the damage was 
minimal.  The presence of weeds, damage by rabbits, and the lower P, K, Mg and Ca herbage nutrient 
concentrations observed were unlikely to have been the cause of the low pasture growth in year one, 
and instead, may have eventuated as a result of the low pasture growth. 
Table 6.7:  Average annual concentrations of major nutrients in the lysimeter pasture. 
Concentration 
(% in dry matter) 
Year 1 Year 2 
N 2.69 3.17 
P 0.39 0.43 
K 2.36 2.46 
Mg 0.18 0.23 
Ca 0.54 0.58 
 
At the beginning of year two, a similar trend of reduced pasture growth, as in year one, was observed 
(Appendix D.1.2).  The decision was made to oversow the lysimeters with ryegrass seed following the 
first harvest in March (early spring).  Perennial ryegrass seed (cultivar Denver) was spread over the 
surface of each of the lysimeters, by hand, at a rate of 10 kg ha
-1
 following harvest one on 22 March 
2011.  The dry matter yield response to the oversowing was evident between harvests one and two in 
year two (Appendix D.1.2).  The level of cutting at pasture harvest in year two remained the same 
(approximately 20 mm).  The higher total dry matter yield in year two (compared with year one) was 
due to the oversowing, which produced a large population of vigorous growing plants, and in the ideal 
growing conditions of spring, the over-cutting of the pasture would have had little effect.  The 
utilisation of N in the growing pasture has been shown to be higher from newly sown than old pastures 
(Whitehead, 1995f).  For pasture growth, the critical concentration of N in the herbage is 3.5-4% 
(Whitehead, 2000a), however decreasing concentrations are commonly found in successive harvests 
from spring through to autumn (Whitehead, 1995f).  As discussed above, the total pasture N uptake 
and total dry matter yields in year two were similar to the results reported in other similar studies.  
Thus it was assumed that there was no effect of over-cutting on the pasture growth in year two.  It is 
recommended that cutting of herbage on lysimeters should be to a minimum level of 30 mm, to ensure 
that the ryegrass plants are not damaged by excessive cutting, or made more vulnerable to harsh 
climatic conditions.   
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6.4.3 Effect of DCD on N uptake and dry matter yield 
The application of DCD increased the total pasture N uptake and total dry matter yield in year one 
(Table 6.6 and Table 6.4, respectively).  Where urine was applied at 500 kg N ha
-1
, total N uptake was 
increased from 88.0 to 153.7 kg N ha
-1
 (75% increase) in the U500+DCD treatment, and the total dry 
matter yield was increased from 4284 to 6497 kg DM ha
-1
 (52% increase). The increase in the N 
uptake was greater than the increase in the dry matter yield, which suggests that a factor other than N 
availability was limiting dry matter production.  Pasture growth was low in year one, as discussed 
above, because of a reduced ryegrass plant population on all of the lysimeters as a result of over-
cutting at each harvest.  The herbage N content was also on average 2.2 to 3.3% in the urine 
treatments, which was lower than that reported in year two.  This suggests that the pasture in year one 
had a greater requirement for N than in year two.  Other studies have found that the pasture response 
to the application of DCD was greater when requirement for N was highest, for example where N 
inputs were low (Dennis et al., 2012), or in the spring-summer period when growth is rapid (Moir et 
al., 2007).  Following urine deposition in autumn, the application of DCD slows the rate of 
nitrification, resulting in accumulation of N in the soil as ammonium (NH4
+
).  The pasture appears to 
utilise the NH4
+
 that accumulated during the winter period in two ways: (1) by taking up NH4
+
-N from 
the soil when the pasture is growing, for example in the spring-summer period, and (2) by taking up 
NH4
+
-N above that which is required by the pasture (luxury uptake), thus increasing the herbage N 
content soon after urine application, and utilising this extra N when growing conditions are suitable.   
There was no significant effect of DCD on total pasture N uptake or total dry matter yield at either the 
500 or the 1000 kg N ha
-1
 urine rate in year two.  A recent study on the same soil type and pasture at 
Teagasc Moorepark found increases in the annual pasture dry matter yield of 16 and 25% from autumn 
applied urine at the rate of 1000 kg N ha
-1
 (O’Connor et al., 2012).  Dennis et al. (2012) reported 
variable pasture responses to DCD application on three Irish soils where urine and fertiliser were 
applied.  The high N load supplied in the urine in year two may have been sufficient for pasture 
growth, so the extra N made available with use of the DCD was not utilised.  This was supported by 
the significant increase in N content to nearly 6% N in harvests one and two in the early autumn of 
year two (Appendix D.2.2).  However a number of studies have shown significant increases in N 
uptake and dry matter yield in more N-rich conditions than those reported here (Di and Cameron, 
2004b, 2005, 2007; Moir et al., 2007; Moir et al., 2012b).  Total N uptake in urine patch areas was 
increased from 133, 361, 451 and 632 kg N ha
-1
 in the control (zero urine), 300, 700 and 1000 kg N  
ha
-1
 urine treatments respectively, to 157, 478, 646 and 840 kg N ha
-1
 respectively, where DCD was 
applied (Di and Cameron, 2007).  The application of DCD increased the annual pasture dry matter 
yield by 20 and 29% in the inter-urine and urine patch areas respectively in a four-year study using 
field plots (Moir et al., 2007).  Another field plot trial reported 39 and 42% increases in the dry matter 
yields from DCD and urine applied in autumn and spring, respectively (Moir et al., 2012b).  It is 
important to note that in the fore-mentioned studies, urea fertiliser N was applied in addition to the 
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urine N.  Typical practice in Ireland is to replace urea with CAN fertiliser application in summer to 
grazed pastures to reduce the potential for NH3 volatilisation.  In this study, no fertiliser N was applied 
in the urine treatments, in order to isolate treatment responses due to urine N.  A recent study by Carey 
et al. (2012), summarised the pasture dry matter yield responses to DCD, which was applied in the 
same formulation used in this study, on 137 paddocks on 37 farms in New Zealand, where paddocks 
were randomly split into two halves, with one half treated with DCD.  The average annual pasture dry 
matter yield increase was 14% for the North Island and 21% for the South Island.   
The N uptake response to the application of DCD was not consistent in the current study and was 
possibly due to the removal of the DCD from the topsoil through leaching and/or decomposition.  The 
persistence of DCD is affected by temperature via microbial breakdown (Amberger, 1989; Irigoyena 
et al., 2003).  The half-life of DCD was reduced from 111-116 days to 18-25 days when the 
temperature was increased from 8 to 20 °C (Di and Cameron, 2004a).  However, winter periods in 
years one and two of this study were particularly cold, with the average daily air temperature 
remaining below 8 °C from urine application to March-April (early spring), so we would not expect 
significant decomposition of the DCD until June-July (summer).  It is more likely therefore, that some 
of the DCD was leached from the soil during the winter period.  This has been observed in other 
studies where, 12 to 58% of the applied DCD was recovered in the drainage water (Menneer et al., 
2008a; Shepherd et al., 2012).  In both years of this study, there was evidence of preferential flow of 
urine soon after application, which may also have resulted in leaching loss of DCD from the first 
application.  Rainfall tended to be higher than average, and individual rainfall events above 25 mm 
day
-1
 occurred on five days following urine in year one.  Two other studies on Irish soils reported 
variable responses to DCD (Dennis et al., 2012; O’Connor et al., 2012), which may also have been 
due to leaching of the DCD.  Further work is required to determine the fate of DCD in grazed pastures 
in Ireland, for example by quantifying the concentration of DCD in the soil and drainage water.  
Studies should also investigate alternative DCD application strategies, such as a slow-release 
formulation or extra DCD applications during the winter drainage period. 
6.4.4 Scale limitations of lysimeter methods 
A considerable amount of the research on the fate of urine N in soil has been carried out using 
lysimeters (Fraser et al., 1994; Pakrou and Dillon, 1995; Clough et al., 1998; Wachendorf et al., 
2005), mostly due to the ease of quantifying N leaching and using the 
15
N balance approach.  The size 
of the lysimeter is usually similar to the size of the wetted area of an animal urine patch, which for a 
grazing dairy cow, is between 0.15 and 0.5 m
2
 (Haynes and Williams, 1993).  The effective area of a 
urine patch, where neighbouring plants take up N from the wetted area, is not accounted for in 
lysimeter studies. Additionally, the pasture dry matter grown in the wetted urine patch area is 
converted to a per hectare basis and then related to a farm-scale situation which includes urine and 
inter-urine patch areas, using an assumption of the pasture area which receives urine.  In this way, 
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lysimeter pasture can be compared to farm-scale dry matter yields on an annual, dry matter yield per 
hectare basis.  However, there are issues involved with this conversion from lysimeter-scale to farm-
scale pasture dry matter production.   
The conversion of lysimeter surface area to a per hectare basis requires multiplication by a large 
factor.  For example in this study, the lysimeter surface area (or urine patch wetted area) was 0.2 m
2
.  
In order to convert to a kilograms of dry matter per hectare basis (kg DM ha
-1
), the lysimeter dry 
matter yield (kg DM per lysimeter) was multiplied by a factor of approximately 50000.  This means 
that the dry matter yield expressed on a field scale, is highly sensitive to small changes in the pasture 
yield at the lysimeter level.  Using the lysimeters in this study again as an example, the dry matter 
yield increases by 1000 kg DM ha
-1
 (from 11000 to 12000 kg DM ha
-1
), when a 10 mm diameter zone 
of zero pasture growth around the lysimeter edge is accounted for in the field scale calculations.  
Pasture growth under normal field conditions is not uniform, and varies with, for example, the species 
of pasture plant, weeds, the number of plants in a given area, and the number of tillers per ryegrass 
plant.  A small variation in these factors on a lysimeter scale is amplified when the conversion to the 
field-scale is made. 
The need for more farm-scale trials was highlighted by Carey et al. (2012) in a recent review of the 
effect of DCD on pasture dry matter yields in New Zealand.  The authors showed that the increases in 
dry matter yields from their field trials were larger than the increases from lysimeter-based trials when 
they were adjusted for inter-urine areas and converted to the field-scale.  Plot size used in studies 
varies from paddock (Monaghan et al., 2005; Monaghan et al., 2009; Carey et al., 2012), to field plots 
of 5 x 1.5 m (O’Connor et al., 2012), 11 x 4 m (Moir et al., 2012b), and 100 m2 size (Moir et al., 
2007), to lysimeter size (Di and Cameron, 2007; Zaman and Blennerhassett, 2010).  The lysimeter 
trials examined the urine patch wetted area only, and so the effect of DCD on the inter-urine areas 
through improved N cycling (Moir et al., 2007), was not accounted for (Di and Cameron, 2007; 
Menneer et al., 2008b; Zaman and Blennerhassett, 2010).  In addition, lysimeter studies cannot 
account for the interactions between successive grazing, fertiliser and DCD applications at field scale 
(Monaghan et al., 2009).  The design of the experiment should be modelled on the objectives of the 
study, which in recent research, is the effect of DCD on the annual and seasonal dry matter yields of 
grazed pasture.  Typical grazing conditions on a farm should be followed as closely as possible, for 
example by the agreement between plot size, animal stocking rate, grazing behaviour, and replication.  
This would enable better comparisons to be made between research trials on pasture dry matter yields 
and the effect of DCD. 
The use of lysimeters in this study was appropriate to the objective, which was to determine the fate of 
urine applied at varying N rates and the effect of DCD.  Caution should be exercised when applying 
small-scale pasture growth effects to the field scale.  The results from this work highlight the need for 
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a separate study which examines the effects of urine and DCD on pasture dry matter yield at the field-
scale in Irish grazed pastures. 
6.4.5 Discussion summary 
 Increasing the rate of the urine N applied resulted in an increase in the dry matter yield and the 
pasture N uptake in both years of measurement, and the relationships were linear and 
quadratic (curvilinear exponential), respectively.  The dry matter yield responses were 4 and 
11 kg DM per kg N in year one and year two, respectively.  A biological maximum for N use 
by the pasture did not appear to have been reached, although it is suggested by the difference 
in trends for N uptake and yield, respectively.   
 The N uptake and dry matter yield of the lysimeter pasture in year one was markedly lower 
than in year two.  In year one, the pasture was cut to a level too low for the pasture to recover, 
following a particularly harsh winter.  As a consequence, the ability of the pasture to take up 
nutrients was affected.  The year two pasture was ‘normal’, following oversowing of ryegrass 
seed in early spring.   
 The proportion of N applied that was taken up by the pasture did not change significantly with 
an increase in the urine N rate applied.  In year two the recovery was higher in the fertiliser 
only treatment (65%), compared with the urine and DCD treatments, which had 25-45% 
recovery of the N applied.  The residual N was probably transformed or lost in an alternate 
pathway such as leaching, immobilisation in soil, roots or stubble, or via gaseous emissions. 
 The effect of the application of DCD on pasture N uptake and dry matter yield was found to 
be variable in this lysimeter study.  Under low N conditions in year one, the N uptake and dry 
matter yields were increased by the DCD, however the same response was not observed in 
year two.  It is likely that a significant amount of the DCD was leached from the soil.  
 Further work is required on the effect of DCD on the N uptake and dry matter yield of grazed 
pastures in Ireland.  It is recommended that new studies should quantify the amount of DCD 
in the soil and drainage water following surface application, in order to confirm the hypothesis 
that the DCD is leached under high rainfall and drainage conditions.  
 New research on the effect of DCD on the dry matter yield in grazed pastures should be 
conducted using larger scale experiments, such as at the field or farm level, or at least where 
edge effects are accounted for. 
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6.5   Conclusions  
The total pasture N uptake increased with an increase in the urine N rate applied, which confirms the 
first hypothesis, and the relationship was curvilinear (exponential).  The urine N rate did not increase 
the proportion of N taken up by the pasture, thus the second hypothesis is rejected.  The application of 
DCD increased the N uptake and dry matter yield in one instance, but overall the effect was not 
consistent, thus the third hypothesis is rejected.  However it is important to recognise the limitations of 
measuring pasture yield on the relatively small areas of these lysimeters, and therefore further work is 
required to quantify the effects of DCD on pasture growth using larger scale grazing system trials in 
Ireland. 
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Chapter 7 
Nitrogen balance 
7.1 Introduction 
A nitrogen budget or ‘balance’ is a method which attempts to account for the inputs and outputs of N 
in a system.  Two of the most commonly adopted approaches are mass balance and 
15
N balance to 
estimate the fate of fertiliser and excreta N inputs.  A mass balance operates on the total N cycle and 
the various outputs, whereas the 
15
N balance determines the fate of the applied N through the way it 
interacts with the N cycle.  Balance studies tend to focus on the proportion of N which was 
‘unaccounted for’, after the recovery in the major pathways has been measured.  N is recovered in gas, 
plant, drainage water and soil fractions, and the total recovery increases with the scope of 
measurements taken.  Allison (1955) described the ‘enigma’ of N balances, where the N unaccounted 
for was on average 20%, despite measurement of the major N sinks.  This concept has been explored 
further (Allison, 1966; Clough et al., 2001a), and considerable improvements made in the 
methodology and the use of 
15
N isotope in N balance studies.  Clough et al. (2001a) resolved the N 
balance enigma in a lab study, where 96% (±3%) of the applied N was recovered, of which 23% was 
in N gases emitted following displacement and soil disturbance.  These results have not yet been 
supported by a field study.  Published 
15
N balance studies using lysimeters have reported that 5-40% 
of applied N was unaccounted for, with the greatest uncertainty in the recovery of the gaseous 
emissions fraction (Whitehead and Bristow, 1990; Fraser et al., 1994; Williams and Haynes, 1994; 
Clough et al., 1998; Di et al., 2002).   
The effect of urine N application rate on the recovery of N is usually determined by measuring one or 
two processes, such as leaching and pasture uptake (Barraclough et al., 1984; Barraclough et al., 1992; 
Di and Cameron, 2007) (Chapter 4, Chapter 5 and Chapter 6), whereas the fate of urine N is usually 
determined using 
15
N labelling and detailed measurements from a single N rate (Fraser et al., 1994; 
Clough et al., 1998).  As a result there are few studies reporting the effect of varying urine N rate on 
the fate of N in grassland soils.   
There is a need for greater use of N balance methods for grassland research, due to the connected 
nature of the N cycle.  An input of N into the soil system results in a range of N outputs, not all of 
which are of benefit economically or environmentally.  Furthermore, mitigation methods for N loss 
should be tested as a part of an N balance, to ensure N is not simply lost via another pathway 
(‘emissions swapping’).  Results from N balance studies will also contribute to the strengthening of 
nutrient budgeting models.   
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The overall objective of this N balance chapter was to determine the effect of urine N rate on the 
recovery of N applied to grassland lysimeters using mass and 
15
N balance approaches. 
Section 7.2 summarises the recovery of N using the mass balance approach from Chapter 4, Chapter 5 
and Chapter 6.  Section 7.3 describes the fate of 
15
N-labelled urine applied at 1000 kg N ha
-1
 with and 
without dicyandiamide (DCD) nitrification inhibitor, in order to account for the missing N identified 
in Section 7.2. Section 7.4 also discusses of some of the important aspects of N balance approaches. 
 
7.2 Mass balance – Part 1 
7.2.1 Introduction 
The recovery of N was measured in three important pathways: N2O emissions, N leaching and pasture 
N uptake, described in Chapter 4, Chapter 5 and Chapter 6, respectively.  The mass recovery 
increased, on average, in each fraction, with the increase in urine N rate.  There was a diminishing 
curvilinear (quadratic) relationship between urine N rate and N2O emissions and N leaching, whereas 
for pasture N uptake, the relationship was an exponential curvilinear (quadratic) one.  
The objective of this study was to determine the effect of urine N rate on the recovery of N (in N2O 
emissions, N leaching and pasture N uptake) using a mass balance approach.   
7.2.2 Methods 
The general materials and methods for the experiments in years one and two are described in Chapter 
3.  For methods specific to N2O emissions, N leaching or pasture N uptake, refer to Sections 4.2, 5.2 
and 6.2, respectively. 
7.2.2.1 Calculations 
The mass N recovery was calculated for each lysimeter using the following equation: 
                ∑                                  
Equation 7.1:  Calculation for the mass recovery of N from each lysimeter. 
where                is the mass N recovery (kg N ha
-1
),         is the cumulative N2O-N emitted 
(kg N ha
-1
),              is the cumulative total amount of N leached (kg N ha
-1
) and            is 
the cumulative N uptake (kg N ha
-1
), for each lysimeter.  
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The percentage recovery of N was calculated for each lysimeter using the following equation: 
             
(               (         )                 (       ))
         
       
Equation 7.2:  Calculation for the percentage recovery of N from each lysimeter 
where             is the percentage recovery of N applied,                (         ) is the 
mass N recovery from a treatment (kg N ha
-1
),                (       ) is the mass N recovery 
from the control treatment (kg N ha
-1
), and           is the quantity of N applied as urine or fertiliser 
(kg N ha
-1
).  
7.2.2.2 Statistical analysis 
Analysis of variance (ANOVA) was performed on the mass N recovery from Equation 7.1 (kg N ha
-1
), 
to determine the difference between the two blocks, as well as the between treatment effects.  A least 
significant difference (LSD) test was used to test the difference between treatments (P < 0.05).  The 
year one data required a log10-transformation to achieve constant variance.   
For analysis of the urine N rate effect, the mass N recovery from the control was subtracted from each 
of the mass N recoveries of the four urine rates 300, 500, 700 and 1000 kg N ha
-1
.  The ANOVA 
included the examination of two sets of orthogonal contrasts. The first set consisted of the linear and 
quadratic contrasts for the four urine rates 300, 500, 700 and 1000 kg N ha
-1
 (minus the control).  The 
second set consisted of the 2x2 factorial contrasts for the factors urine rate (500, 1000) and DCD        
(-, +).  An additional LSD (P < 0.05) test was carried out on the percentage recovery of N applied 
from year one and year two in order to test the difference between years. 
The term ‘quadratic’ describes the situation where there is statistically significant evidence of 
curvature in the relationship between urine N rate and N recovery.  Unless otherwise specified, the 
term ‘curvilinear’ is used in the discussion to describe where the quadratic curvature diminishes with 
the increasing urine N rate.  
7.2.3 Results 
The mass recovery of N was 66, 283, 442, 526 and 640 kg N ha
-1
 in the control, U300, U500, U700 
and U1000 treatments, respectively, in year one (Table 7.1).  The U1000+DCD treatment produced the 
highest recovery in year one, which was 724 kg N ha
-1
.  In year two, the mass recovery of N was 166, 
362, 517, 592 and 884 kg N ha
-1
, in the control, U300, U500, U700 and U1000 treatments, 
respectively.  There was no significant effect of DCD on the mass N recovery in either year one or 
year two (P > 0.05) (Table 7.1).  
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The average percentage recovery for the six urine and DCD treatments (excluding the control) was 
63% in year one and 64% in year two (Table 7.1).  In year one, the percentage recovery of the N 
applied was 42% in the fertiliser treatment, which was lower than all of the urine and DCD treatments 
(P < 0.05), except for the U1000 treatment (P > 0.05).  In year two, there was little difference in the 
percentage recovery between treatments, except for in the U700 treatment, where the recovery was 
59%, which was lower than in the fertiliser and U1000 treatments (both 70%) (P < 0.05).  There was 
no significant effect of DCD on the percentage N recovery (P > 0.05).  
Table 7.1:  Mass balance recovery of nitrogen from lysimeters in year one and year two. 
Treatment 
Mass N recovery 
(kg N ha
-1
) 
N recovery % applied
2
 
     
 
Year 1 Year 2 Year 1 Year 2 
 Log
1
 BT
1
    
Control 1.82 g   65.5 166.1 e 
    
Fertiliser 2.25 f 179.5 380.7 d 42.4 c 70.1 a 
U300 2.45 e 283.1 361.5 d 67.5 ab 60.6 ab 
U500 2.65 cd 441.6 516.5 c 70.1 a 65.9 ab 
U700 2.72 bc 526.0 591.5 b 61.1 ab 59.0 b 
U1000 2.81 ab 639.7 884.0 a 54.1 bc 69.7 a 
U500+DCD 2.59 d 390.8 492.8 c 60.5 ab 61.5 ab 
U1000+DCD 2.86 a 724.4 855.4 a 61.4 ab 66.9 ab 
LSD (0.05)
3
   0.089     48.9  14.0 
 
  9.7 
 
Significance of contrasts
4
 
  
 
      
Urine rate effect
5
: 
  
 
      
Linear (4 rates) *** 
 
 *** 
 
* 
 
NS 
 
Quadratic (4 rates) * 
 
 * 
 
NS 
 
NS 
 
Urine rate*DCD
6
: 
  
 
      
Main effect urine *** 
 
 *** 
 
NS 
 
NS 
 
Main effect DCD NS 
 
 NS 
 
NS 
 
NS 
 
Interaction NS 
 
 NS 
 
NS 
 
NS 
 1
 Log (base 10) used to calculate log-transformed means.  Back-transformed means calculated using 
10^(logmean) = back-transformed mean. 
2
 N recovery % applied = [((Mass N recovery, treatment) – (Mass N recovery, control)) / (N applied, 
treatment)] x 100. 
3 
Letters indicate a significant difference between two treatments at P < 0.05.  Least significant difference 
(5%) calculated from all treatments including control. 
4
 Significance of contrasts expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant       
P > 0.05. 
5
 Urine rate effect based on 4 urine treatments excluding control. 
6
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
 
The relationship between the urine N rate and the net mass N recovery (mass N recovery minus N 
recovered in the control) was quadratic in both years (P < 0.05, Table 7.1).  In year one the quadratic 
curvature diminished towards the higher urine N rates (curved downwards; Figure 7.1), and was 
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described by the following equation (y = -0.0004x
2
 + 0.9633x - 52.965) where y was the net mass N 
recovery and x was the urine N rate applied.  In year two, the quadratic curvature was exponential 
(curved upwards; Figure 7.2), and was described by the following equation (y = 0.0003x
2
 + 0.2695x + 
84.208).  The amount of N that was unaccounted for was 106, 162, 295 and 497 kg N ha
-1
 from urine 
N rates 300, 500 700 and 1000 kg N ha
-1
, respectively, in year one (Figure 7.1).  In year two, the 
unaccounted for N was 127, 181, 296 and 313 kg N ha
-1
 from urine N rates 300, 500 700 and 1000 kg 
N ha
-1
, respectively (Figure 7.2). 
The percentage recovery of N in year one decreased with the increase in urine N rate and the 
relationship was linear (P < 0.05, Table 7.1), as described by the equation (y = -0.0201x + 76.821), 
where y was the percentage N recovery and x was the urine N rate applied (Figure 7.3).  There was no 
significant relationship between the urine N rate applied and the percentage N recovery in year two (P 
> 0.05, Table 7.1).  The difference between 100% and the percentage N recovery in Table 7.1 was the 
percentage of N unaccounted for.  The range in the unaccounted for N percentage was 30 to 58% in 
the U500 and fertiliser treatments, respectively, in year one, and 30 to 41% in the fertiliser and U700 
treatments, respectively, in year two.   
 
Figure 7.1:  The effect of urine N rate on the net N recovery from lysimeters in year one (Back-
transformed treatment means Table 7.1) (Net N recovery = Mass N recovery – N 
recovery in control). 
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Figure 7.2:  The effect of urine N rate on the net N recovery from lysimeters in year two 
(Treatment means Table 7.1) (Net N recovery = Mass N recovery – N recovery in 
control).  
 
Figure 7.3:  The effect of urine N rate on the N recovery from lysimeters in year one and year 
two.  (The regression was fitted for year one, where the relationship was 
significant P < 0.05; Table 7.1). 
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7.2.4 Discussion 
The relationship between the mass N recovery and the urine N rate in year one was curvilinear (Figure 
7.1), with the mass N recovery declining at the higher urine N rates. The total amount of N which was 
unaccounted for, therefore, increased with the increase in urine N rate.  In year two however, the 
quadratic relationship was exponential curvilinear (curved upwards; Figure 7.2).  The reason behind 
the difference between the mass N recovery relationships in years one and two is not clear, but it 
should be emphasised that these relationships were based on only four points and that the shape was 
either slightly positive or negative.  There is little data on mass balance and N rate in the literature 
with which to compare the results against.  Studies determined either N rate effects on a single 
pathway (Barraclough et al., 1984; Velthof et al., 1997; Di and Cameron, 2007), or N balance at a 
single N rate (Fraser et al., 1994; Clough et al., 1998), so comparisons with the current study are 
difficult.  Estimates may be made by calculating the sum of the N recovered (or ‘apparent recovery’) 
in the major N pathways such as leaching and pasture uptake, from some studies, although these 
methods are rather crude.  The difference between the results in the two experiments indicates the 
need for at least a third experiment so that conclusions can be made.  On average, it would appear that 
the relationship between the urine N rate and mass N recovery is linear, however this cannot be proven 
except with additional experiments.  Irrespective of the shape of the curvature, the increase in the urine 
N rate applied increased the mass of N which was unaccounted for.       
Potentially of more importance for the interpretation of N rate effects is the average percentage 
recovery of the urine N applied.  In year one, there was a linear relationship between the percentage N 
recovery and the increase in urine N rate (P < 0.05, Table 7.1), whereas the same relationship was not 
significant in year two.  However, the average percentage N recovery in the urine treatments (with and 
without DCD) was similar; 63% (range 54-70%) and 64% (range 59-70%) in years one and two, 
respectively (Table 7.1).  In the preceding N2O emissions, leaching and pasture uptake chapters, the 
percentage recovery of urine N did not vary significantly with the increasing urine N rate.  The 
percentage recoveries for years one and two, respectively, were, 0.2% and 0.1% for N2O emissions 
(Section 4.3), 51% and 27% for N leaching (Section 5.3), and 12% and 36% for pasture N uptake 
(Section 6.3).  Regardless of the difference in the percentage recovery between years (climate, 
pasture), it did not change in response to the increasing N rate.  This has implications for N budgeting 
models, where a single percentage recovery value could be applied to a range of N rates for each N 
pathway.  This study however, was carried out on only one, free-draining soil type, so the percentage 
N recovery with varying urine N rates needs to be measured from other soil types.   
Perhaps it is logical that the proportion of N recovered would remain constant, with an increase in the 
N application rate.  If the volume of urine, urine patch surface area, and the distribution of the N in the 
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soil was assumed to be the same, on average, then increasing the urine N rate would increase the 
concentration of N per unit volume of soil (Figure 7.4).  Then, for a given pathway, assuming that all 
of the added N was utilised, the N recovery in that pathway would be proportional to the amount of 
urine N applied (corrected for zero N recovery).  In other words, the percentage recoveries in each 
pathway of N utilisation would be the same, despite the increase in the N rate applied.  This is a 
simplified view of the many complex soil processes, however, these proportions are worth some 
consideration when testing N application rate effects from a N balance perspective. 
 
Figure 7.4:  Schematic representation of the difference in the N concentration per unit volume 
of soil when the urine distribution is constant. 
The concentration of N per unit volume of soil warrants further discussion.  On the free-draining 
Moorepark soil, we tested the effect of urine N application rate on the recovery of N in various 
pathways over a given period of time. For the purpose of this argument, N rate will be referred to as 
‘amount’.  This is quite different to the effect of the amount of N on the ‘rate’ of a soil process, in 
other words the relative ratios of products to reactants over time.  The effect of increasing the amount 
of urine N applied to soil has been shown to influence the rate of N transformations.  Clough et al. 
(2003) found evidence of inhibition of nitrification where urine was applied at 1000 kg N ha
-1
, but not 
at 500, 250 or 100 kg N ha
-1
.  It was beyond the scope of this study to measure the rate of soil N 
processes, so it is not known whether true rate effects influenced the N recoveries.  An important point 
to make is that the soil texture, and the specific experimental conditions (lab versus field), would have 
affected the likelihood of a true N rate effect occurring, due to a difference in the concentration of N 
per unit volume of soil.  A free-draining soil such as the sandy loam Moorepark soil used in this study, 
would have allowed greater infiltration of urine N down the soil profile, compared to heavier soil 
types, where the urine may have been retained in the top 150 mm of soil.  In this scenario, the 
concentration of N per unit volume of soil would be lower on the light-textured than the heavier-
textured soil (Figure 7.5).  Thus, it is possible that a high urine N rate would have had a lesser 
influence on the rate of an N transformation process such as nitrification on the free-draining soil type 
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used in this study.  This reasoning may also apply to the comparison between lab (controlled 
conditions), and field studies (environmental variability), with respect to the amount of N applied, 
whereby the N concentration per unit volume of soil would be expected to be lower in field studies, 
and the N rate effects less simple to determine. 
 
Figure 7.5:  Schematic representation showing the effect of soil texture on the concentration of 
urine N per unit volume of soil, lower N concentration on the lighter textured 
soil per unit volume of soil.  
Plant uptake and leaching are two of the largest sinks for N in grassland N budgets.  On a free-draining 
soil, if N inputs exceed the pasture requirements, the majority of the extra N is leached from the soil, 
particularly during the autumn-winter period, when drainage rates are higher.  In this study, there was 
a strong negative relationship between N uptake and total N leaching in both years (Figure 7.6).  In 
year one, the leaching was higher than the uptake, and this trend was reversed in year two, but the 
inverse relationship remained the same.  Moir et al. (2012a) reported the same strong inverse 
relationship between N uptake and leaching in a plot trial of urine applied to 13 different grass species 
at N rates 0, 500 and 700 kg N ha
-1
.  This finding suggests a competitive advantage of a growing 
pasture for urine N over leaching loss, and may have implications for the mitigation of N leaching in 
grassland systems.  If the relationship between uptake and leaching could be manipulated, for example 
by using winter-active pasture species to extend the period of N uptake, then the N leaching losses 
could be reduced.  A lesser effect might be expected from poorly-drained soil types, where gaseous N 
losses represent a larger sink for N.   
From a mass balance perspective, the N recovery was on average 63-64% of N applied, so the N 
recovery is missing either one major, or multiple minor N pathways.  Perhaps the most obvious 
missing N sink is the soil.  Previous 
15
N balance studies have reported immobilisation of N into the 
soil organic fraction of between 13-24%, whereas the recovery in the soil inorganic fraction was low; 
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less than 1% of N applied (Whitehead and Bristow, 1990; Fraser et al., 1994; Clough et al., 1998).  In 
a review of past N balance studies, Legg and Meisinger (1982) described immobilisation, leaching and 
uptake as the three major N sinks, and in this study, the soil N recovery was not measured.  The major 
component of the unaccounted for N from the mass balance (37% on average) was probably N 
immobilisation, although 37% of the applied N immobilised would seem rather high.  Another 
possible pathway for the unrecovered N is denitrification to N gases other than N2O.  Urine was 
applied in the late autumn, when the temperature was low, the soil water content high, and soil 
conditions conducive to denitrification.  Even though N2O emissions were less than 0.5% of N applied 
(Section 4.3), this does not rule out complete denitrification to di-nitrogen gas (N2).  Monaghan and 
Barraclough (1993) reported 30-65% recovery of urine N applied in N2 emissions, which was high 
compared to the 15% reported by Clough et al. (2001a).  We would not expect high denitrification 
losses on the fine-textured Moorepark soil, however there are very few field studies of direct N2 
emissions with which to make comparisons.  Losses of N2 are not often measured in field studies, 
except by difference, where the unaccounted for N in a balance is assumed to be lost via 
denitrification.  This is because of: (1) the difficulty and cost involved in the direct field measurement 
of N2 emissions, due to the large atmospheric background N2 concentration (78%), and (2) N2 being 
environmentally benign, compared to for example, the environmental concerns of N2O emissions 
contributing to the greenhouse effect and NH3 emissions to acidification.  N2 emissions have not been 
well quantified in N balance studies, and may account for some of the ‘missing’ N, therefore further 
research is required.   
 
Figure 7.6:  The relationship between the percentage recovery of urine N taken up by the 
pasture and leached, from each lysimeter (n=1), in year one and year two.   
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7.2.5 Conclusions  
 The mass N recovery (kg N ha-1) increased with the increase in urine N rate, which was 
expected.  Increasing the N input should result in a higher total recovery, providing most of 
the major N pathways are measured. 
 As a percentage of the N applied, the urine N recovery was 63-64% in both years, and the 
percentage did not change significantly with the increase in urine N rate.  There is little data in 
the literature with which to provide a comparison.  However from a simplistic viewpoint, the 
proportion of N recovered should remain the same, with increasing N rate, if all of the N was 
utilised in the measured pathways. 
 The urine N recovery of 63% was low, which meant that the percentage of urine N which was 
unaccounted for was 37%, on average.  The missing N was likely to have been immobilised or 
denitrified, based on similar studies, but this needs to be quantified by further research. 
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7.3 15Nitrogen balance – Part 2 
7.3.1 Introduction 
A 
15
N balance experiment usually consists of fertiliser or urine N, containing a known 
15
N enrichment, 
being applied to soil, after which measurements are made, in an attempt to recover 100% of the 
applied 
15
N.  
15
N balance studies under urine patches have reported that 65-95% of the urine applied 
was recovered (Whitehead and Bristow, 1990; Fraser et al., 1994; Clough et al., 1998; Di et al., 2002; 
Decau et al., 2003).  The range of N recovered in plant fractions has been reported to be 21-57%, 8-
37% in leaching fractions, and 15-29% in soil fractions (Whitehead and Bristow, 1990; Fraser et al., 
1994; Clough et al., 1998; Di et al., 2002; Decau et al., 2003).  Few studies have measured gaseous N 
losses directly, and instead attributed the majority of the 3-35% range of unaccounted for N, to some 
form of gaseous N emission, for example denitrification and/or volatilisation.  Field measurement of N 
gases as a part of an N balance are rare (Clough et al., 1998), which in the case of di-nitrogen (N2), is 
probably due to the cost and sampling intensity required for 
15
N-enriched gaseous N emissions.  The 
recovery of N gases was reported to have resolved the 
15N balance ‘enigma’ in a lab study (Clough et 
al., 2001a), however direct measurements of gaseous N losses from a field study are required to 
support this finding. 
The nitrification inhibitor dicyandiamide (DCD) has been used as a mitigation method for N losses in 
grazed pasture, and to improve N uptake (Di and Cameron, 2004b, 2007; Moir et al., 2007; de Klein et 
al., 2011).  The effect of DCD was tested in this regard, on N2O emissions, N leaching and pasture N 
uptake in Chapter 4, Chapter 5, and Chapter 6, respectively.  Nitrification inhibitors have also been 
used as a tool to manipulate soil N cycling (de Klein and van Logtestijn, 1994; Abbasi and Adams, 
2000).   
The mass balance study showed that 37% of the N applied was unaccounted for, on average, following 
the measurement of N2O emissions, leaching and uptake.  In order to identify the missing N in the 
mass balance study, the objective of this study was to determine the fate of urine N applied at 1000 kg 
N ha
-1
, with and without DCD nitrification inhibitor, using a 
15
N balance.  The hypothesis was that the 
recoveries in the major fractions would be within the ranges found in the literature, and that the major 
pathway of the missing N from the mass balance study, would be immobilisation into the soil organic 
fraction.   
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7.3.2 Materials and methods 
7.3.2.1 Treatments 
The 
15
N balance experiment constituted part of the year two lysimeter trial described in the previous 
chapters, and was carried out using the U1000 and U1000+DCD treatments (Table 7.2).  There were 
four replicates in each treatment, and the treatments were applied to the lysimeters in a randomised 
block design.  The lysimeter collection and treatment allocation in year two are described in Sections 
3.3 and 3.4, respectively.   The experiment consisted of a single autumn-applied urine application to 
soil monolith lysimeters.   
Table 7.2:  Summary of treatments applied to lysimeters. 
Treatment name Description 
Control No N  
U1000 1000 kg N ha
-1 
urine  
U1000+DCD 1000 kg N ha
-1 
urine; 30 kg DCD ha
-1
 (split applications) 
 
Urine was collected in buckets, by hand, from mixed age Holstein-Friesian cows during morning and 
afternoon milking on the Teagasc Johnstown Castle Research Centre dairy farm.  The collected urine 
was bulked and a sample was analysed on the same day for total N concentration using a Shimadzu 
TOC-TN analyser (Shimadzu Scientific Instruments, USA).  The total urine N content was 7.4 g N L
-1
. 
The urine was diluted with de-ionised water to produce a total N concentration of 4 g N L
-1
 which 
allowed for the 
15
N labelling of the urine to a target total N (
14+15
N) concentration and 
15
N enrichment 
of 10 g N L
-1
 and 45 atom% excess, respectively.  This target 
15
N enrichment of 45 atom% excess 
enabled the determination of urine-derived N2 emissions (Stevens and Laughlin, 2001).  The mass of 
the isotopic 
15
N labelled urea (98 atom% excess 
15
N; Sigma Aldrich, UK), and the natural abundance 
(
14
N) urea required was calculated using the following equations: 
             
  
   
           
Equation 7.3:  Calculation for the total moles of urea needed per lysimeter 
where:  
             = total moles of urea needed per lysimeter 
    = moles of N needed per lysimeter (10 g N L
-1
 x 2 L = 20 g N lysimeter
-1
) 
     = molar mass of N (14.0067) 
        = conversion factor for two N atoms in urea (0.5) 
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Equation 7.4:  Calculation for the moles of 
15
N enriched urea needed per lysimeter 
where: 
           = moles of 
15
N enriched urea needed per lysimeter 
       = target 
15
N enrichment of urine (45 atom% excess) 
           = 
15
N enrichment of labelled urea (98 atom % excess) 
 
                                    
Equation 7.5:  Calculation for the moles of natural abundance urea needed per lysimeter 
where: 
            = moles of natural abundance urea needed per lysimeter 
 
                                 
Equation 7.6:  Calculation for the mass of 
15
N enriched urea needed per lysimeter 
where: 
            = mass of 
15
N labelled urea needed per lysimeter (g) 
            = molar mass of 
15
N labelled urea (62.0027 g mol
-1
) 
 
                                    
Equation 7.7:  Calculation for the mass of natural abundance urea needed per lysimeter 
where: 
            = mass of natural abundance urea needed per lysimeter (g) 
             = molar mass of natural abundance urea (60.0558 g mol
-1
) 
 
The 
15
N enriched and natural abundance urea were added to the urine, allowing for the 4 g N L
-1
 total 
N concentration already contained in the urine.  Following the additions, the urine was mixed 
thoroughly to dissolve the urea, and was applied to the lysimeters the same day, on 28 December 
2010.  Two litres of urine was applied over the centre of each lysimeter in the U1000 and 
U1000+DCD treatments, which corresponded to a urine N loading rate of 1000 kg N ha
-1
.  The DCD 
was applied in split applications, as per commercial practice in New Zealand (Di and Cameron, 2005), 
at a rate of 15 kg ha
-1
 per application on 29 December 2010 and 8 March 2011.  No mineral N 
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fertiliser was applied in the urine treatments.  The fertiliser and control treatment lysimeters received 
an equivalent volume, 2 L, of water.   
7.3.2.2 Percentage 15N recovery 
The percentage recovery of 
15
N in N2O emissions, pasture, soil and drainage water fractions was 
calculated using Equation 7.8, adapted from Cabrera and Kissel (1989): 
    
             
  (   )
  (   )
       
Equation 7.8:  Calculation for the percentage 
15
N recovery in a measured fraction (Cabrera and 
Kissel, 1989) 
where: 
     
           = 15N in measured fraction as a percentage of the 15N applied 
    = moles of N in the measured fraction 
    = atom % 15N enrichment of the measured fraction (from IRMS analysis) 
    = atom % 15N natural abundance enrichment, which was 0.3663% 
    = moles of N in the urine applied to the lysimeter, which was 1.4286 mol 
    = atom % 15N abundance of the urine applied to the lysimeter, which was 45% 
 
The calculation for the percentage recovery of 
15
N in N2 gas is shown in Equation 7.18 (Section 
7.3.2.3.3.2). 
7.3.2.3 Gases 
7.3.2.3.1 Field measurement of gases 
Nitrous oxide field measurement, analysis and calculations are described in Section 4.2.1, 4.2.2 and 
4.2.3, respectively.  Di-nitrogen gas was measured using the same static closed chamber method.  
Instead of sampling at t0, t20 and t40 minutes as for N2O, a single sample was taken at t120 minutes 
for N2.  10 mL of headspace air was flushed backwards and forwards twice using a hypodermic needle 
and syringe, before 12 mL was extracted and transferred to a pre-evacuated 12 mL rubber septum-
sealed glass exetainer (Labco Ltd, UK).  The duration of enclosure for N2 measurement was estimated 
using the agreement between chamber size, urine N rate and a 
15
N label that would allow a sufficient 
increase in chamber headspace N2 concentration for a detectable 
15
N2 signal, and to enable the 
molecular ratios 
29
R and 
30
R to be determined using isotope ratio mass spectrometry (IRMS) (Stevens 
and Laughlin, 2001).   
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7.3.2.3.2 Analysis of gases 
Gas sample vials were sent to the University of California (Davis) Stable Isotope Facility for 
15
N 
analysis of N2O and N2 by IRMS.  Samples were sent for analysis when the daily flux of N2O was 
greater than 10 g N2O-N ha
-1
 day
-1
.  The daily flux of N2O emissions in year two is shown in Figure 
4.7, Section 4.3.2.  Di-nitrogen gas was analysed from the same samples which were analysed for 
N2O.   
Nitrogen gas isotope ratios were measured using a Thermo Finnigan Gas Bench and Pre-Con trace gas 
concentration system interfaced to a Thermo Scientific Delta V Plus isotope-ratio mass spectrometer 
(Bremen, Germany).  The gas sample was purged from the vial through a double-needle sampler into a 
helium carrier stream (20 mL min
-1
). Di-nitrogen and N2O were then isolated and concentrated in 
preparation for isotopic analysis. First, N2 gas was sampled by a rotary 8-port valve fitted with a 20-
100 µL sampling loop and timed to capture the peak N2 concentration in the carrier gas stream. This 
gas sample was passed to the IRMS through a molecular sieve 5A GC column (15 m x 0.53 mm 
ID, 25 °C, 3 mL min
-1
). A reference N2 peak was used to calculate the provisional isotope ratios of the 
sample N2 peak. 
As N2 is analysed, the rest of the gas sample passes through a CO2 scrubber (Ascarite) and N2O is 
trapped and concentrated in two liquid nitrogen cryo-traps operated in series such that the N2O is held 
in the first trap until the non-condensing portion of the sample gas has been replaced by helium carrier, 
then passed to the second, smaller trap.  Finally the second trap is warmed to ambient temperature and 
the N2O is carried by helium to the IRMS via a Poroplot Q GC column (25 m x 0.53 mm, 25°C, 1.8 
mL min
-1
). This column separates N2O from residual CO2.  A reference N2O peak was used to 
calculate the provisional isotope ratios of the sample N2O peak. 
Final Δ15N values were calculated by adjusting the provisional values such that correct Δ15N values for 
working standards were obtained. Two working standards were analysed every 10 samples. The 
working standards were mixtures of N2 and N2O (e.g., 3% N2 plus 1 ppm N2O with the balance helium 
(He), or 1 ppm N2O with the balance N2).  The N2 was calibrated against an Oztech N2 standard 
(Oztech Trading Co., Δ15N vs air = -0.61).  There were no suitable international standards so 15N was 
calibrated by thermally decomposing N2O in a heated gold tube (800°C) to convert N2O to N2 + O2. 
The resulting N2 was calibrated against the Oztech N2 standard.  For N2O, the limit of quantitation was 
approximately 150 picomoles and the long term standard deviation for 
15
N was 0.1 ‰.  For N2, the 
limit of detection was approximately 150 nanomoles and the long term standard deviation was also 0.1 
‰.  The results were expressed as molecular ratios for N2O (
45
R and 
46
R) and N2 (
29
R and 
30
R), and 
these were used for the calculation of the percentage 
15
N recovery in N2O and N2. 
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7.3.2.3.3 Calculations for gases 
7.3.2.3.3.1 Nitrous oxide 
The IRMS analysis provided the atom% 
15
N enrichment of N2O in the chamber headspace at t120 
minutes, for each lysimeter, for each sampling day.  The N2O concentration was measured using gas 
chromatography, and the daily flux calculated (Section 4.2.3).  The amount of N2O emitted per day in 
moles (    ) was calculated using the following equation: 
      
    
  
 
Equation 7.9:  Calculation for the moles of N2O emitted per day 
where     is the daily flux of N2O (g N2O-N day
-1
) from each lysimeter, and    is the molar mass 
of N which is 14.0067 g mol
-1
.  The 
15
N enrichment of N2O (    ), and the moles of N2O emitted 
(    ), were used to calculate the percentage recovery of 
15
N in N2O (% recovery; Equation 7.8), for 
each sampling day.  The cumulative % recovery was calculated by integrating the daily % recoveries 
and linearly interpolating between measurement points for each lysimeter.  The sum of the integrated 
% recoveries provided the cumulative % recovery of 
15
N in N2O, for each lysimeter.   
The quantity of labelled N emitted as N2O (       ) was calculated using Equation 7.10: 
                    
        
  
   
 
Equation 7.10:  Calculation of the quantity of N2O emitted derived from urine, in units of kg N 
ha
-1
 
where: 
            = net cumulative N2O emissions (kg N2O-N ha
-1
) in the treatment, above that in 
       the control 
        
   = Percentage recovery of 
15
N in N2O emissions (from Equation 7.8). 
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The quantity of unlabelled N was calculated as the difference between          and        .  The % 
urine-derived N2O-N was calculated using Equation 7.11: 
        
       
        
       
Equation 7.11:  Calculation for the percentage of N2O emitted dervied from urine 
The % soil-derived N2O,       was calculated as the difference between 100% and      . 
7.3.2.3.3.2 Di-nitrogen 
The flux of N2 can be measured using the molecular ratios 
29
R (
29
N2/
28
N2) and 
30
R (
30
N2/
28
N2) from the 
IRMS analysis of the enriched sample and normal air.  The enrichment of the source of the labelled N2 
(
15
Xn) may be calculated using the difference between the enriched and natural abundance 
atmospheres, Δ29R and Δ30R, using Equation 7.12 (Mulvaney, 1984).  The detection limits of 8.0 x10-6 
and 3.2 x10
-7
 described by Stevens and Laughlin (2001) were applied to Δ29R and Δ30R, respectively, 
and values below the detection limits were excluded.   
   
   (    
   
  
     
) (  (    
   
  
     
⁄ )) 
Equation 7.12:  Calculation for the enrichment of the source of 
15
N labelled N2 (Mulvaney, 
1984) 
In this study, the Δ30R was very low, resulting in the underestimation of 15Xn, which lead to the 
overestimation of the N2 flux (Laughlin and Stevens, 2002).  Since N2O is assumed to derive from the 
same pool as N2, the enrichment of the denitrifying pool can be estimated using the 
15
N in N2O (Arah, 
1992; Bergsma et al., 1999).  The molecular ratios 
45
R and 
46
R measured by IRMS, were used by the 
same principle as for N2, to estimate the 
15
N atom% enrichment of the denitrifying pool   
  (Arah, 
1992).    
  can be substituted for 
15
Xn if the there is a single, uniformly-labelled pool of nitrate (NO3
-
) 
from which both N2O and N2 are derived.   
The separate contributions of true denitrification and co-denitrification were calculated using Method 
3 from Laughlin and Stevens (2002).  True denitrification was defined as double-labelled N2 (
15
N-
15
N) 
where both N atoms were derived from the labelled NO3
-
 pool, and co-denitrification is defined as 
hybrid N2 (
15
N-
14
N), where one N atom was derived from a 
15
N-labelled pool and the other was 
derived from an unlabelled natural abundance pool.    
  was used to calculate the fraction of the N2 gas 
in the chamber headspace attributable to true denitrification (     , Equation 7.13) and co-
 197 
 
denitrification (   , Equation 7.14).    
  was substituted for 
15
Xn to produce the fraction of total N2 in 
the chamber attributable to true denitrification (     ), adapted from Mulvaney (1984): 
       
   
  
  
  
Equation 7.13:  Calculation for the fraction of total N2 attributable to true denitrification, 
adapted from Mulvaney (Mulvaney, 1984) 
where: 
  
  = 
15
N enrichment of the denitrifying pool using N2O (Arah, 1992) 
For co-denitrification, Equation (5) from Clough et al. (2001b) was rearranged to calculate (   ), the 
fraction of the total moles of N2 in the chamber attributable to co-denitrification.  The   
  value was 
substituted for   , the atom fraction of 
15
N in the enriched pool.  
     
     
 
 
  
(     
 
 
                      )   
 
Equation 7.14:  Calculation for the fraction of total N2 attributable to co-denitrification (Clough 
et al., 2001b) 
where: 
   = atom fraction of 
14
N in the natural abundance pool (0.9963) 
   = atom fraction of 
15
N in the natural abundance pool (0.0037) 
   = atom fraction of 
14
N in the enriched pool (1 -   ) 
   = atom fraction of 
15
N in the enriched pool (  
 ) 
 
The N2 gas in the chamber atmosphere (      ) (g) was calculated using Equation 7.15: 
        
(            )
    
       
Equation 7.15:  Calculation for the amount of N2 in the chamber atmosphere in grams 
where: 
  = chamber volume (m3) 
    = proportion of air that is N2 (0.78) 
   = conversion factor for m
3
 to L (1000) 
     = volume which 1 mole of gas occupies at standard temperature and pressure (22.4  
    L mol
-1
) 
     = molar mass of N2 (28 g mol
-1
) 
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Values       and     were then substituted separately for    in Equation 7.16, adapted from 
Mulvaney and Boast (1986), for the total N2 (g) evolved into the chamber during the enclosure period 
(      ): 
        
          
    
 
Equation 7.16:  Calculation for the total N2 evolved into the chamber during the enclosure 
period  in grams, adapted from Mulvaney and Boast (Mulvaney and Boast, 
1986) 
The       was used to calculate the separate flux of N2 (g m
-2
 hr
-1
) from true denitrification and co-
denitrification for each lysimeter using Equation 7.17: 
        
      
  
      
Equation 7.17:  Calculation for the flux of N2 from true or co-denitrification 
where: 
   = Lysimeter surface area (0.2 m2) 
   = Conversion for hourly flux (0.5)* 
* The chamber enclosure period was t120 mins (2 hours). 
 
The daily emissions were then calculated using the hourly flux, assuming that it represented the 
average hourly flux of the day.  Cumulative N2 emissions from true denitrification and co-
denitrification were calculated by integrating the calculated daily N2 fluxes and linearly interpolating 
between measurement points for each lysimeter.  The percentage recovery of 
15
N in N2 gas was 
calculated using the following equation: 
    
              
(             )          
 
       
Equation 7.18:  Calculation for the percentage recovery of 
15
N in N2 gas 
where: 
      = cumulative N2 emissions from co-denitrification (kg N ha
-1
) 
        = cumulative N2 emissions from true denitrification (kg N ha
-1
) 
      = fraction of 
15
N in N2 derived from co-denitrification (0.5) 
  = total urine N applied (kg N ha-1) 
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7.3.2.4 Leaching 
7.3.2.4.1 Drainage water N concentration 
The field measurement of the drainage water is described in Section 5.2.2, and the analysis for total N 
(TN) and inorganic N is described in Sections 5.2.3.3 and 5.2.3.1, respectively.  TN and inorganic N 
concentrations were expressed in mg N L
-1
.   
7.3.2.4.2 Persulfate digestion and diffusion 
The drainage water contained organic and inorganic N.  The aim of these methods was to determine 
the 
15
N enrichment (  in Equation 7.8) of the total N and the inorganic N contained in the drainage 
water.  The 
15
N enrichment of the organic N was calculated as the difference between the total N and 
the inorganic N. 
A diffusion method was used to convert the inorganic N in the sample to ammonia (NH3) gas, which 
was collected in an acidified filter disc, and then analysed for 
15
N enrichment using elemental analyser 
isotope ratio mass spectrometry (EA-IRMS).  Diffusions were carried out on separate drainage water 
samples to determine the total N and the inorganic N.  The diffusion for inorganic N was carried out 
on the drainage water only.  For the total N (organic N and inorganic N), the organic N in the drainage 
water was converted to inorganic N using persulfate digestion (Cabrera and Beare, 1993), prior to the 
diffusion.  In brief, alkaline potassium persulfate was added to the drainage water sample, which was 
then placed in an autoclave for 55 minutes at 120 
o
C.  Nitrogenous compounds in the drainage water 
were oxidised to NO3
-
. 
The diffusion method was a combined approach of the methods described by Chen and Dittert (2008), 
Stark and Hart (1996), and Brooks et al. (1989).  In brief, a hole punch was used to create 4 mm 
diameter glass fibre GF/C filter discs (Whatman International, UK), which were acidified using 10 µL 
of 2.5 M solution of KHSO4 (Plate 7.1).  
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Plate 7.1:  Glass fibre filter paper discs were made using a hole punch and acidified using 2.5 M 
KHSO4. 
The diffusion apparatus consisted of a 250 mL glass bottle containing 150 µg N in the drainage water 
(for inorganic N) or the persulfate digest (for total N), which was calculated using the known 
concentrations of inorganic N and total N (Plate 7.2).  Standards were also diffused, from N solutions 
of (
15
NH4)2SO4, K
15
NO3, or 
15
NH4
15
NO3 which each gave 75 µg N in solution, enriched to 10 atom% 
15
N.  The 150 µg N in solution was diffused onto two acidified filter discs, each containing 75 µg N, 
which was within the detection limits for IRMS analysis.  Two reagents were added to the solution: (1) 
0.4 g Devarda’s alloy, which converted NO3
-
 and NO2
-
 in the sample to NH4
+
, and (2) 0.25 g MgO, 
which converted the NH4
+
 to NH3 gas.  Potassium chloride (KCl) was also added to the solution to a 
concentration of 2 M KCl, to increase the osmotic strength of the solution, which reduced the potential 
evaporation and subsequent accumulation of water in the acidified filter discs.  The lid of the bottle 
consisted of the two acidified filter discs threaded onto a wire which was attached to the underside of 
the lid (Plate 7.2).  The wire was a 1 x 25 mm needle bent to 90°, stuck to the underside of the bottle 
lid using a synthetic rubber adhesive.  
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Plate 7.2:  Glass bottles contained 150 mL diffusion solution and a screw top lid with acidified 
filter discs attached. 
Following the addition of the reagents, the lid was screwed tightly onto the bottle, which in turn was 
swirled gently to mix the contents.  The diffusion of NH3 gas from the solution into the bottle 
headspace allowed N to be captured by the acidified filter discs.  After a period of 48 hours, the bottle 
lids were removed and placed in an oven at 50 °C until the filter discs were dry.  The filter discs were 
then removed from the lids, enclosed in tin capsules, and were analysed for 
15
N analysis by IRMS 
(Section 7.3.2.7).  The result was expressed in atom% 
15
N.  The calculation for total 
15
N recovery in 
the drainage water is shown in Equation 7.8. 
7.3.2.4.3 Calculations for N leaching 
For each lysimeter, the mass (g) of N leached (  ) was calculated by multiplying the volume of 
drainage water (L) by the N concentration (mg N L
-1
) for each drainage sampling (and dividing by 
1000).  The moles of total N in the drainage water (  ) for each lysimeter were calculated using 
Equation 7.19 as follows: 
    
  
  
  
Equation 7.19:  Calculation for the moles of total N leached for each lysimeter. 
where    is the mass of total N leached (g) from each lysimeter, and    is the molar mass of N 
which was 14.0067 g mol
-1
. 
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The quantity (kg N ha
-1
) of labelled N leached (      ) was calculated using Equation 7.20: 
                  
        
  
   
 
Equation 7.20:  Calculation for the quantity of labelled N leached for each lysimeter. 
where: 
         = the net cumulative total N leached (kg N ha
-1
) in the treatment, above that in 
       the control, and 
        
    = the percentage recovery of 
15
N in the drainage water (from Equation 7.8). 
 
The quantity (kg N ha
-1
) of unlabelled N leached (      ) was calculated as the difference between 
        and      .  The % urine-derived N leaching (      ) was calculated using Equation 7.21: 
        
      
       
       
Equation 7.21:  Calculation for the percentage of N leached derived from urine 
The % soil-derived N leaching,      , was calculated as the difference between 100% and      . 
7.3.2.5 Pasture 
The field measurement and Kjeldahl analysis for total N was described in Section 6.2.3.  In brief, the 
pasture was cut to 20 mm in nine harvests from March to November 2011.  The harvested pasture was 
dried at 70 
°
C for 24 hours and the dry matter content determined.  Pasture was coarsely ground (1 
mm) and analysed using Kjeldahl digestion (Byrne, 1979), followed by colorimetric analysis (Basson 
et al., 1968), to determine the total N content.  The N content was expressed in percentage N in the dry 
matter.  For each lysimeter, the mass of N was calculated by multiplying the dry matter (g) by the N 
content (%) for each harvest (and dividing by 100).  The moles of total N in the pasture (  ) for each 
lysimeter was calculated using Equation 7.22: 
    
  
  
  
Equation 7.22:  Calculation for the moles of N in pasture from each lysimeter 
where   is the mass of total N in the pasture (g) from each lysimeter, and   is the molar mass of N 
which was 14.0067 g mol
-1
.  
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For 
15
N analysis, the dried pasture was ground to less than 150 µm using a ball-mill.  The finely 
ground pasture sample was weighed into tin capsules, enclosed and then analysed using EA-IRMS 
(Section 7.3.2.7), and the result was expressed in atom% 
15
N.  The calculation for total 
15
N recovery in 
the pasture is shown in Equation 7.8. 
The quantity (kg N ha
-1
) of labelled N in the pasture (      ) was calculated using Equation 7.23: 
                  
        
  
   
 
Equation 7.23:  Calculation for the quantity of labelled N in the pasture for each lysimeter 
where: 
         = the net cumulative total N uptake (kg N ha
-1
) in the treatment, above that in 
       the control, and 
        
   = the percentage recovery of 
15
N in the pasture (from Equation 7.8). 
 
The quantity (kg N ha
-1
) of unlabelled N (      ) was calculated as the difference between        and 
      .  The % urine-derived N in the pasture (      ) was calculated using Equation 7.24: 
        
      
       
       
Equation 7.24:  Calculation for the percentage of N in the pasture derived from urine 
The % soil-derived N,       , in the pasture was calculated as the difference between 100% and 
      . 
7.3.2.6 Soil 
7.3.2.6.1 Field measurement of soil 
Destructive sampling of the lysimeters on which 
15
N-labelled urine had been applied was carried out 
on 6 December 2011.  Using a hydraulic soil sampling rig (Giddings Machine Company Inc., USA), 
soil cores were extracted from each lysimeter, in situ.  Four soil cores (25 mm diameter) were 
extracted from each lysimeter, from 3 depths: 0-150 mm, 150-350 mm and 350-550 mm.  The four 
cores were bulked by soil depth for each lysimeter to provide a sufficient quantity of soil for the 
analyses.  The field-moist soil samples were split in half approximately, one half for the analysis of 
soil inorganic N, and the other half for the analysis of total soil N. 
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7.3.2.6.2 Analysis of soil 
For analysis of the soil inorganic N, KCl extractions were carried out on the field-moist soil which had 
been passed through a 4 mm sieve, at a soil to 2M KCl extract ratio of 1:5 (Plate 7.3).  A sub-sample 
of the field-moist soil was oven-dried at 100 
°
C to enable moisture correction.  The KCl extract and 
soil suspension was placed on a gyratory shaker for one hour, then filtered through No.2 Whatman 
filter paper.  The total oxidised N (TON) and ammonium (NH4
+
) concentrations were analysed using 
an Aquakem 600A automated analyser (Thermo Electron, Finland).  Further detail on the analyses are 
described in Section 5.2.3.  The inorganic N concentration in the KCl extract was the sum of the TON 
and NH4
+
 concentrations, and was expressed in mg N L
-1
.  Diffusion for the 
15
N component of soil 
inorganic N was carried out using the method described for drainage water (Section 7.3.2.4.2), and the 
15
N atom% enrichment was analysed using IRMS (Section 7.3.2.7).  
 
Plate 7.3:  Soil KCl extractions were carried out on field-moist soil from three lysimeter soil 
depths. 
For analysis of the soil total N, some of the field-moist soil sample was dried and ground coarsely (2 
mm), and then finely ground (<150 µm), before being analysed for total N using a LECO-CNS 
analyser (LECO Corporation, USA).  The soil total N content was expressed as the percentage N in 
the dry matter.  The samples were then weighed into tin capsules and analysed using EA-IRMS.  The 
total 
15
N in the soil was expressed as atom% 
15
N.  
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7.3.2.6.3 Calculations for soil 
The mass (kg) of dry soil in each depth (     ) was calculated using Equation 7.25: 
       
             
   
 
Equation 7.25:  Calculation for the quantity in kilograms of dry soil from each lysimeter depth 
where: 
   = volume of soil in each soil depth (m
3
) 
   = dry bulk density of soil in each soil depth (g cm
-3
) 
    = conversion factor for cm
3
 to m
3
 (1000000) 
    = conversion factor for g to kg (1000) 
 
For each lysimeter, the mass of N in each soil depth (g) was calculated using Equation 7.26: 
   
         
  
 
Equation 7.26:  Calculation for the mass in grams of N in each soil depth 
where: 
   = N content of soil inorganic N (moisture-corrected), or total N (mg kg
-1
) at each  
    soil depth 
   = conversion factor for mg to g (1000) 
 
The moles of inorganic N or total N in each soil depth (  ), for each lysimeter, was calculated using 
Equation 7.27: 
    
  
  
  
Equation 7.27:  Calculation for the moles of total or inorganic N in each soil depth 
where    is the mass (g) of inorganic N or total N in the soil for each depth, and    is the molar 
mass of N which is 14.0067 g mol
-1
.  The percentage 
15
N recovery (%) for soil inorganic N and total N 
was calculated using Equation 7.8.  The % 
15
N recovery in the soil organic N fraction was calculated 
as the difference between the total and inorganic % 
15
N recoveries. 
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7.3.2.7 EA-IRMS analysis 
Solid materials such as the acidified filter discs from the diffusions, and the dried and ground plant and 
soil material, were analysed using the Elemental Analyser Isotope Ratio Mass Spectrometry (EA-
IRMS) technique at Lincoln University, New Zealand.  The sample which was enclosed in the tin 
capsule was placed on the auto-sampler of the PDZ Europa GSL Analyser (Crewe, UK).  The sample 
was combusted in the presence of oxygen which converted the N in the sample to a mixture of NOx 
gases.  The resultant NOx species were reduced to N2 by passing through a packed copper column at 
600 °C.  The N2 was resolved on a gas chromatograph packed column and passed into the PDZ Europa 
20-20 IRMS (Crewe, UK), where masses 28, 29 and 30 were determined.  Reference standards were 
analysed at a rate of one standard in every eight samples.  The reference material used during analysis 
of all samples was EM-WHEAT (Δ15NAIR = 1.66 ‰).  EM-WHEAT has been normalised to the 
international reference material IAEA-N-1 (Ammonium Sulfate, Δ15NAIR =  0.4 ‰). EM-WHEAT was 
also run as dummy samples to check precision and accuracy.  The result was expressed as atom% 
15
N 
enrichment which is   in Equation 7.8 for the percentage 15N recovery (Section 7.3.2.2). 
7.3.2.8 Climate 
Measured variables included the daily rainfall (mm), the average daily air temperature (°C), and soil 
temperature at 100 mm (°C), which were obtained from the Johnstown Castle weather station situated 
immediately adjacent (Plate 7.4) to the lysimeter facility via the Met Eireann (Irish National 
Meteorological Service) database.  Daily evapotranspiration was estimated using climate data and a 
model based on the United Nations Food and Agriculture Organisation, Penman-Monteith equation, 
for a well-drained soil (Schulte et al., 2005).  Climate data was displayed for seven days prior to urine 
application until the final day of the experimental period which was 368 days after urine application. 
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Plate 7.4:  The Johnstown Castle weather station was situated adjacent to the lysimeter facility. 
7.3.2.9 Statistical analysis 
Analysis of variance (ANOVA) was carried out on the percentage 
15
N recoveries, quantities of 
labelled and unlabelled N and the proportion of N derived from the urine or the soil, in each fraction, 
to determine the difference between the two blocks, as well as the between treatment effects (+ or –
DCD).  The difference between the two treatments U1000 and U1000+DCD was calculated using a 
least significant difference test (LSD), where the display of two different letters indicated a significant 
difference between the treatment means (P < 0.05).  
 
7.3.3 Results 
7.3.3.1 Climate 
The average daily air temperature and the 100 mm soil temperature are shown in Figure 7.7.  The 
average daily air temperature for the experimental period was 10.3 °C, which was similar to the long 
term average for the area (January-December) of 10.1 °C.  The average daily 100 mm soil temperature 
was 11.3 °C.  Following urine application in late December, the average monthly air temperature 
during the winter period, remained below 5 °C until March.  The average monthly air temperatures for 
February and March were 4.7 and 7.3 °C respectively.  A significant snowfall event occurred eight 
days prior to urine application on the 20 December 2010, which was unusual for the area.  There were 
also several frosts during the winter period, during which the soil surface was frozen, however the 
average daily 100 mm soil temperature did not fall below 0 °C.  The warmest months were July and 
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August, with average monthly temperatures of 14.7 and 14.2 °C, respectively.  By comparison, the soil 
temperature at 100 mm was 16.7 and 17.4 °C in July and August respectively, which was higher than 
the air temperature for the same period, whereas for the remainder of the experimental period, soil and 
air temperatures were similar (Figure 7.7). 
 
Figure 7.7:  Average daily air temperature and 100 mm soil temperature.  The arrow indicates 
the date of urine application. 
Natural rainfall was the only water input to the lysimeters, apart from that which was applied in the 
treatments.  The cumulative total rainfall input for the experimental period was 864 mm (Figure 7.8), 
which was similar to the long term average of 877 mm for the area.  The cumulative 
evapotranspiration loss was 429 mm (Figure 7.8).  There were two days in which the rainfall input 
exceeded 25 mm, one of which was 27 December 2010, the day prior to urine application.  In the first 
100 days following urine application, cumulative rainfall was 271 mm, which corresponded to 31% of 
the total rainfall input during the experimental period.  During the warmest months of the experiment, 
June, July and August, when a soil moisture deficit was most likely to occur, the cumulative rainfall 
input was 210 mm, which was higher than the long term average (170 mm) for the area. 
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Figure 7.8: Daily rainfall and cumulative rainfall and evapotranspiration (ET).  The arrow 
indicates the date of urine application. 
7.3.3.2 15N recovery 
The 
15
N recovery measured in gaseous emissions, leaching, pasture uptake and soil fractions was 27%, 
10%, 26% and 23%, respectively, from urine applied at 1000 kg N ha
-1
 (no DCD) (Table 7.3).  The 
15
N recovery followed the order (highest to lowest): gaseous emissions > pasture uptake > soil > 
leaching.  The total 
15
N recovery for the urine only treatment was 85%, which left 15% of the applied 
N which was unaccounted for.  
Where DCD was applied, the 
15
N recovery was 23%, 7%, 27% and 33% in gaseous emissions, 
leaching, pasture uptake and soil fractions (Table 7.3).  The total 
15
N recovery was 90% in the 
U1000+DCD treatment.  The application of DCD had no effect on the 
15
N recovery in any fraction (P 
> 0.05).    
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Table 7.3:  Percentage 
15
N recovery from urine and DCD applied to lysimeters. 
Treatment 
 
U1000
1
 U1000+DCD
1
 LSD
2
 
Gaseous emissions 
     
 
N2O 0.48 a 0.30 a 0.24 
 
N2 26.06 a 22.20 a 9.34 
 
Total 26.54 a 22.50 a 9.54 
Leaching 
      
 
Organic N 4.49 a 3.61 a 2.90 
 
Inorganic N 5.19 a 3.99 a 2.77 
 
Total 9.55 a 7.43 a 4.57 
Pasture uptake 
     
 
Total 25.63 a 27.30 a 4.66 
Soil
3
 
      
 
Organic N 22.97 a 32.64 a 16.73 
 
Inorganic N 0.33 a 0.58 a 0.32 
 
Total 23.30 a 33.22 a 17.01 
TOTAL RECOVERY (%) 85.02 a 90.45 a 19.66 
Unaccounted for %
4
 14.98 
 
9.55 
  
1 
U1000 – Urine applied at a rate of 1000 kg N ha-1; U1000+DCD – Urine applied at 
1000 kg N ha
-1
 plus 30 kg DCD ha
-1
. 
2
 Least significant difference (5%) calculated using the four replicates in each 
treatment. Different letters indicate a significant difference between the two 
treatments at P < 0.05.   
3 
Sum of 
15
N recovered in the three soil depths: 0-150 mm, 150-350 mm and 350-550 
mm. 
4 
Equals 100% – Total recovery (%). 
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7.3.3.3 Gas 
The quantity of total N2O emissions was 7.1 kg ha
-1
 in the U1000 treatment, which consisted of 5.0 kg 
N ha
-1
 of
 15
N labelled (urine-derived) and 2.1 kg N ha
-1
 of unlabelled (soil-derived) N2O (Table 7.4). 
This corresponded to 68% and 32% of the total N2O emissions for urine- and soil-derived N, 
respectively. 
The application of DCD produced total N2O emissions of 5.5 kg N ha
-1
 (Table 7.4).  Total N2O 
emissions in the U1000+DCD treatment consisted of 3.1 and 2.4 kg N ha
-1
 from urine-derived and 
soil-derived N, respectively, which corresponded to 55% and 45% of the total, respectively.  DCD 
application did not significantly affect the quantity of labelled, unlabelled or total N emissions, or the 
proportion of N2O which was urine- or soil-derived (P > 0.05). 
Table 7.4:  Source and quantity of nitrous oxide emissions from 
15
N labelled urine and DCD 
applied to lysimeters. 
Treatment U1000 U1000+DCD LSD
1
 
 
N2O emissions (kg N ha
-1
) 
     
 
Labelled N 4.96 a 3.12 a 2.44  
Unlabelled N 2.13 a 2.37 a 0.40  
Total N 7.09 a 5.49 a 2.74  
Urine-derived (%) 67.83 a 55.39 a 13.38 (P = 0.062) 
Soil-derived (%) 32.17 a 44.61 a 13.38 (P = 0.062) 
1
 Least significant difference (5%) calculated using the four replicates in each treatment. 
Different letters indicate a significant difference between the two treatments at P < 0.05. 
The application of urine N at 1000 kg N ha
-1
 without DCD produced total N2 emissions of 527 kg N 
ha
-1
, which consisted of 10 from true denitrification and 517 kg N ha
-1
 from co-denitrification (Table 
7.5).  In the U1000+DCD treatment, N2 emissions produced a total of 450 kg N ha
-1
, and consisted of 
9 from true denitrification and 441 kg N ha
-1
 from co-denitrification.  There was no significant effect 
of DCD application on true or co-denitrification N2 emissions (P > 0.05). 
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Table 7.5:  Quantity of di-nitrogen gas emissions from 
15
N labelled urine and DCD applied to 
lysimeters. 
Treatment U1000 U1000+DCD LSD
1
 
N2 emissions (kg N ha
-1
) 
     
True denitrification 10.02 a 8.17 a 5.18 
Co-denitrification 516.70 a 440.91 a 184.80 
1
 Least significant difference (5%) calculated using the four replicates in each treatment. 
Different letters indicate a significant difference between the two treatments at P < 0.05. 
 
7.3.3.4 Leaching 
The total amount of N leached in the U1000 treatment was 266 kg N ha
-1
 (Table 7.6).  Of this quantity, 
37% was urine-derived (
15
N-labelled) and 63% was soil-derived (unlabelled).  
In the U1000+DCD treatment, the total N leached was 217 kg N ha
-1
, and the percentage of urine- and 
soil-derived N was 36% and 64%, respectively.  The effect of the DCD application on the quantity of 
15
N labelled and unlabelled N leached from the lysimeters was not significant (P > 0.05). 
Table 7.6:  Source and quantity of the total N leached from 
15
N labelled urine and DCD applied 
to lysimeters. 
Treatment U1000 U1000+DCD LSD
1
 
Leaching (kg N ha
-1
) 
     
Labelled N 98.44 a 76.52 a 120.40 
Unlabelled N 167.21 a 140.57 a 47.09 
Total N 265.64 a 217.09 a 84.30 
Urine-derived (%) 37.23 a 35.59 a 10.04 
Soil-derived (%) 62.77 a 64.41 a 10.04 
1
 Least significant difference (5%) calculated using the four replicates in each treatment. 
Different letters indicate a significant difference between the two treatments at P < 0.05. 
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7.3.3.5 Pasture 
Where 1000 kg N ha
-1
 urine was applied without DCD, the total pasture N uptake was 445 kg N ha
-1
.  
The majority (60%) was derived from the urine, with the remainder being soil-derived (40%).  
In the U1000+DCD treatment, the total N uptake by the pasture was 467 kg N ha
-1
, and similar to the 
nil DCD treatment, 60 and 40% was urine- and soil-derived, respectively (Table 7.7), however the 
differences were not significant (P > 0.05).  The 
15
N recovery for the eight individual harvests is 
shown in Appendix E.1. 
Table 7.7:  Source and quantity of pasture N uptake from 
15
N labelled urine and DCD applied 
to lysimeters. 
Treatment U1000 U1000+DCD LSD
1
 
Uptake (kg N ha
-1
) 
     
Labelled N 264.11 a 281.30 a 92.00 
Unlabelled N 180.98 a 185.35 a 47.97 
Total N 445.09 a 466.66 a 47.01 
Urine-derived (%) 59.82 a 60.25 a 3.40 
Soil-derived (%) 40.18 a 39.75 a 3.40 
1
 Least significant difference (5%) calculated using the four replicates in each treatment. 
Different letters indicate a significant difference between the two treatments at P < 0.05. 
 
7.3.3.6 Soil 
The recovery of 
15
N in each depth of the lysimeter soil for urine treatments with and without DCD is 
shown in Table 7.8.  The majority of the urine-applied N in the U1000 treatment was found in the top 
150 mm of soil, which was 16% of the total 
15
N recovery.  Lower in the soil profile, the percentage 
15
N recoveries were 6 and 1% in the soil depths 150-350 mm and 350-550 mm, respectively.  
In the top 150 mm soil, the application of DCD increased the 
15
N recovery to 25%, however the 
increase was significant at the P < 0.1 level only.  In the 150-350 mm soil depth, the 
15
N recovery 
increased from 6 to 12% in the U1000 and U1000+DCD treatments, respectively (P = 0.05).  In the 
350 to 550 mm soil depth, the 
15
N recovery with DCD was 4%, which was higher than 1% recovery 
without DCD, however the difference was not significant (P > 0.05).  The total nitrogen (
14
N+
15
N) and 
carbon contents (%) of the soil at the end of the experiment are shown in Appendix F.1. 
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Table 7.8:  Percentage recovery of 
15
N applied in urine from each lysimeter soil depth, as 
affected by DCD. 
Treatment U1000 U1000+DCD LSD
1
 
 
Soil depth       
0 - 150 mm 16.05 a 25.20 a 9.80 (P = 0.069) 
150 - 350 mm 5.85 b 11.57 a 5.71 (P = 0.05) 
350 - 550 mm 1.40 a 3.67 a 4.37 
 
1
 Least significant difference (5%) calculated using the four replicates in each 
treatment. Different letters indicate a significant difference between the two 
treatments at P < 0.05. 
 
7.3.4 Discussion 
The 
15
N recovery of N2 emissions from the urine applied (without DCD) was 26% (Table 7.3), which 
is an important finding for N balance studies.  To the author’s knowledge, a recovery of N2 emissions 
of this size has not been reported as a part of a 
15
N balance before, except by Monaghan and 
Barraclough (1993), who recovered between 30 and 65% of 
15
N labelled urine as N2 in lab-based 
study.  Clough et al. (2001a) measured 15% of the 
15
N applied in N2 emissions from an enclosed soil 
core experiment.  The apparent denitrification of N2 has ranged between 7 and 28% on similar free-
draining soils (Whitehead and Bristow, 1990; Fraser et al., 1994; Clough et al., 1996).  The direct 
measurement of N2 emissions in field studies is difficult due to the high background of N2 in normal 
air (78%), and consequently a high 
15
N isotope label (>30 atom%), appropriate chamber size and 
measurement duration are required for IRMS detection limits.  
Of the recovery of 
15
N in N2 emissions, the majority (98%) was from the process of co-denitrification 
(Table 7.5).  Co-denitrification has been defined as the process by which one N atom in the N2 
molecule was derived from labelled nitrite (NO2
-
), and the other N atom from another, unlabelled N 
species (e.g. amino compound) (Spott et al., 2011).  For conventional or ‘true’ denitrification, both N 
atoms in N2 were derived from the labelled pools of NO2
-
 or NO3
-
.  Both true and co-denitrification 
assume that the labelled N from NO2
-
 was originally derived from labelled NO3
-
, and that the N pools 
were uniformly labelled. There are implications for 
15
N labelling studies if these are not met (Bergsma 
et al., 1999; Laughlin and Stevens, 2002). The formation of N2 by co-denitrification takes place under 
a range of conditions, and is particularly influenced by pH.  Clough et al. (2001b) suggested the 
formation of hybrid N2 by chemo-denitrification via the dissociation of NO2
-
  to nitrous acid (HNO2), 
under low pH conditions (pH < 5) in soil extracts.  Spott et al. (2011) discussed in detail, the formation 
of hybrid N2 as a ‘biotically mediated N-nitrosation’ process by which NO2
-
 combines with an organic 
substrate R-NH2 to form N2, usually at neutral pH.   Laughlin and Stevens (2002) also described the 
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formation of hybrid N2 at pH 6.3, which was probably too high for chemodenitrification.  Ammonia 
inhibition of nitrification has been reported, whereby high pH and NH4
+
 concentrations selectively 
inhibit the activity of Nitrobacter spp., resulting in the accumulation of NO2
-
 (Smith and Chalk, 1980; 
Smith et al., 1997), and this effect has been reported for urine-affected soil (Monaghan and 
Barraclough, 1992).  The pH may increase up to 8 within the first few days following urine 
application, followed by a slow decline to acidic conditions, pH < 4, over 1-2 months (Haynes and 
Williams, 1992; Shand et al., 2000).  It is likely that the accumulation of NO2
-
 following urine 
application was linked to the co-denitrification process.  The pH of the soil was not measured in this 
study, so it is not possible to identify the specific mechanism(s) controlling co-denitrification.  The 
focus of this study was the % recovery of 
15
N from the applied urine, and therefore we can conclude 
that the N2 emissions recovery was significant and was produced by the co-denitrification process. 
Furthermore, it has been shown that the calculations for conventional denitrification may 
underestimate the N2 flux where co-denitrification was the dominant process (Laughlin and Stevens, 
2002).  If this is indeed the case, these results may provide the explanation for the majority of the 
missing N in N balance studies, in which the denitrification component may have been 
underestimated. Clearly further research is required in this area, to determine the underlying drivers of 
N2 emissions from co-denitrification, and in particular the effect of pH.   
The percentage recovery where urine was applied (without DCD) was 0.5% in N2O emissions, 10% in 
leaching, 26% in pasture and 23% in soil (Table 7.3).  These were within the range of recoveries found 
in a similar study by Clough et al. (1998), where 1%, 13%, 31% and 23% of the urine N applied to a 
sandy loam soil was recovered in the N2O emissions, leaching, pasture and soil fractions, respectively.  
The N leaching recovery of 10% was lower than the 35-59% range reported by some (Whitehead and 
Bristow, 1990; Decau et al., 2003; Wachendorf et al., 2005), but was similar to the 6.5-15% found by 
others (Fraser et al., 1994; Clough et al., 1998; Di et al., 2002; Decau et al., 2003).  Pasture uptake 
recovery of 26% was also within the 21-62% range reported from studies where 
15
N labelled urine was 
applied (Whitehead and Bristow, 1990; Fraser et al., 1994; Sorensen and Jensen, 1996; Clough et al., 
1998; Di et al., 2002; Decau et al., 2003).   
The percentage recovery of 
15
N in the soil was 23% (urine, no DCD), the majority of which was in the 
organic fraction.  This finding indicates the importance of the immobilisation process to the cycling of 
urinary N.  Several studies have reported significant quantities of N immobilised under urine patches, 
ranging from 8-29%, the majority of which was also recovered in the organic fraction (Keeney and 
Macgregor, 1978; Whitehead and Bristow, 1990; Fraser et al., 1994; Clough et al., 1998; Wachendorf 
et al., 2005).  Equally important following urine application is mineralisation, which occurs 
simultaneously with immobilisation, leading to a continual cycling of N between the soil inorganic 
and organic pools (Jansson and Persson, 1982).  This process is termed mineralisation-immobilisation 
turnover (MIT).  The cyclical nature of MIT means that the net process occurring in the soil following 
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urine application, may change.  Determination of the relative rates of immobilisation and 
mineralisation were beyond the scope of this study, and instead the 
15
N recoveries represent a 
‘snapshot’ of urine and soil-derived N, one year after urine application.  Net immobilisation might be 
expected at this time in long-term pastures, mostly due to an increase in readily-available carbon 
sources; from the urine itself, the solubilisation of soil organic matter, and the subsequent increase in 
pasture growth and associated organic matter turnover (Whitehead, 1995e).  Ledgard et al. (1999) 
showed that 16-30% of applied N was immobilised to soil organic N in the first year following 
application.  Re-mineralisation of immobilised N has also been shown (Keeney and Macgregor, 1978), 
where the immobilised urine N decreased from 13% after 6 days, to 8% after 22 days.  In subsequent 
years following urine application, it is likely that a new equilibrium would have been established 
between the two processes (Jansson and Persson, 1982).   
In the urine treatment (no DCD), 32%, 63% and 40% of the N recovered in the N2O emissions, 
leaching and pasture uptake, respectively, was soil-derived, with the balance being urine-derived 
(Table 7.4, Table 7.6 and Table 7.7).  The soil-derived component was estimated as the N recovered in 
each fraction, above that recovered in the zero-fertiliser control.  Similar findings have been reported 
in the literature.  Di & Cameron (2008) reported N2O emissions from 
15
N labelled urine, wherein 47% 
of the cumulative emissions were soil-derived (1.9 kg N2O-N ha
-1
), which was similar to the 32% soil-
derived N (2.3 kg N2O-N ha
-1
) reported here (Table 7.4).  Of the N taken up by the grass, in a 
lysimeter study where 
15
N-labelled urine was applied at 500 kg N ha
-1
, 51% was soil-derived (Fraser, 
1992).  This effect has been discussed as a ‘priming effect’ in past studies (Jansson and Persson, 
1982), and recently by Wachendorf et al. (2005), where, urine application produced 133 kg N ha
-1
 of 
soil-derived total N leaching, which corresponded to 11%, while the remaining total N leached was 
urine-derived (
15
N labelled). The size of the soil-derived N in the leaching fraction of this study is 
remarkable, with over half (63%) of the N leached being derived from soil N sources (Table 7.6).  
In spite of this, it is possible that there was some error in the estimate of the 
15
N enrichment of the 
drainage water, due to problems with the diffusion step of measurement.  During the diffusion step, 
moisture accumulated in the acid filter discs, which has been observed by others (Stark and Hart, 
1996; Khan et al., 1998; Chen and Dittert, 2008).  This may have resulted in recycling of N from the 
filter disc back into the diffusion solution in water droplets. The volume of diffusion solution was 150 
mL in each bottle.  Khan et al. (1998) suggested increasing the osmotic strength of the diffusion 
solution with addition of a salt, such as KCl, which was implemented (Section 7.3.2.4.2), but moisture 
accumulation still occurred.  We would expect any moisture effect to reduce the mass of N captured 
by the filter disc, but not the 
15
N enrichment.  However, both the recovery of N mass and 
15
N 
enrichment were 50-75% of the expected recovery.  The most appropriate method of correcting this 
error was described by Stark and Hart (1996), and required both diffused and non-diffused standards.  
Only diffused standards were carried out, so this corrective calculation was not possible.  The effect of 
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the moisture problem on the 
15
N recovery was not thought to be large though, because of the similarity 
between the 
15
N recovery from leaching reported here (8.5% average of +/-DCD treatments), and the 
6.5-15% range reported in other work (Fraser et al., 1994; Clough et al., 1998; Di et al., 2002; Decau 
et al., 2003).  For improvement of the method and the prevention of moisture accumulation during 
diffusion, the volume of diffusion solution should be less than 100 mL, and the vessel should be 
sufficiently wide and high to prevent condensation flow towards the disc.   
An apparent priming effect may be confused with what is actually mineralisation-immobilisation 
turnover (MIT), the continual cycling of labelled and unlabelled N (Jansson and Persson, 1982).  The 
priming effect or added N interaction (ANI) exists where plants receiving fertiliser N take up more soil 
N than plants not receiving N (Jenkinson et al., 1985).  Several authors have highlighted the difficulty 
in measuring MIT-related processes, due to the simplifying assumptions required, and have cautioned 
the interpretation of results (Davidson et al., 1991; Murphy et al., 2003).  Jenkinson et al. (1985) and 
Hart et al. (1996a) attribute the majority of ‘apparent’ priming effects reported, to pool substitution (of 
14
N for 
15N), rather than ‘real’ priming effects.   In the current study, a large proportion of the 15N 
applied (23% urine, no DCD) was immobilised in the soil organic matter, which can be referred to as 
‘gross immobilisation’, approximately one year after urine application.  Gross mineralisation was not 
measured, so the net process was not known, however significant quantities of soil-derived, unlabelled 
N were recovered in N2O and N2 emissions, leaching and uptake fractions, which indicates that 
substantial mineralisation was occurring.  Urine-related MIT processes are an important area which 
requires further research, for example to determine the net process occurring at successive points in 
time following urine application. 
The average total N recovery of DCD and no DCD treatments was 88%, which meant that the 
unaccounted for N was 12% (Table 7.3).  This is at the lower end of the 4-48% range of unaccounted-
for N reported in urine patch 
15
N balance studies (Fraser et al., 1994; Williams and Haynes, 1994; 
Sorensen and Jensen, 1996; Clough et al., 1998; Williams and Haynes, 2000; Di et al., 2002; Decau et 
al., 2003).  There are several possibilities for the fate of the missing 12% of N applied.  Missing N is 
often attributed, by difference, to gaseous N loss (Williams and Haynes, 1994).  In a study on the 
enigma of missing N in N balances, Clough et al. (2001a) accounted for the missing N from urine 
applied to soil at a rate of 1000 kg N ha
-1
 in a lab study.  The disturbance of the soil from the 
destruction of the soil cores at the end of the study released N2O and N2 emissions, which together 
with gaseous diffusion from the base of the cores, and gaseous N displacement following irrigation 
events, amounted to 23% of the N applied.  In the current study, N2O emissions were measured one 
hour prior to, and one hour following the soil coring of the lysimeters on 6 December 2011.  No 
appreciable flux of N2O was observed, so the release of N2O as a result of the soil disturbance was 
assumed to be minimal.  Volatilization losses of NH3 were thought to be negligible in this study, due 
to the rainfall which occurred at the time of urine application (Figure 7.8), which would have reduced 
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the amount of N at the soil surface (Black et al., 1987).  Application of 10 mm irrigation following 
urine application produced NH3-N emissions of less than 1% of the N applied (Fraser et al., 1994; 
Clough et al., 1996; Di et al., 2002).  Other N oxide (NOx) gases may have been emitted following 
urine application, although these were unlikely to be a large component of the N balance. Clough et al. 
(2003) reported NO and NO2 losses which ranged from 6.6 to 0.2% of N applied, from 100 to 1000 kg 
N ha
-1
.  It is possible that N2 was emitted prior to, or following the period of 6 January 2011 to 9 May 
2011, from which the cumulative emissions were calculated. The N2 emissions were quantified where 
the daily N2O flux was high enough to allow for the calculation of the denitrifying pool enrichment 
(  ) and the fraction of N2 from denitrification ( ) (Arah, 1997).  N2 and N2O tend to be emitted 
together (Monaghan and Barraclough, 1993; Clough et al., 1999), so the majority of N2 emissions 
probably coincided with the N2O peak emissions period, and were captured in the presented results.  
Apart from in N gases, the unaccounted for N may have been stored in plant litter, roots and stubble, 
which were included in the soil N recovery in this study, but due to the coring method used, may not 
have been accurately accounted for.  Di et al. (2002) reported a 19% recovery of 
15
N in pasture roots 
and stubble, as well as 39% from the pasture tops, and 28% in the soil.  In this study, lysimeters were 
destructively sampled according to whole soil depths, rather than by soil coring used in the current 
study.  The finding by Di et al. (2002) was higher than the 2-5% recoveries reported elsewhere 
(Whitehead and Bristow, 1990; Decau et al., 2003).  Some N may have been immobilised in the soil 
below the 550 mm (total lysimeter depth 700 mm), however this amount was unlikely to be 
significant, as the average % N recovery in the 350-550 mm depth was only 2.5% (Table 7.8).  
Dissolved N2O was measured in the drainage water of this study, and the % recovery was less than 
0.01% of the N applied.  However, because the measurements were made using the drainage water 
collected in containers beneath the lysimeters, which were open to the outside air, a significant amount 
of N gas may have diffused from the drainage water, or ahead of the wetting front (Clough et al., 
1999), so the measurements are not reliable.  It is unlikely that any of the aforementioned pathways 
accounted for all of the 12% N not recovered in this study.  Instead the missing N was probably a 
combination of the mentioned pathways which were not measured, and the cumulative errors 
associated with the measurement and analysis of the individual fractions.   
Interestingly, of the 
15
N recoveries reported in urine N balance studies, the highest total 
15
N recoveries 
(90-97%) tended to correspond to a high cumulative N recovery (>30% N applied) in pasture uptake, 
litter, roots and stubble (Fraser et al., 1994; Di et al., 2002), which was most likely due to a large 
initial pasture response to urine N.  Conversely, the total 
15
N recovery tended to be lower (<80%) in 
studies where pasture N uptake was low or nil when urine was applied, and the pasture N recovery 
was lower, such as in the current study and elsewhere (Whitehead and Bristow, 1990; Clough et al., 
1998).  This suggests a competitive advantage of a growing pasture for urine N over that in other 
pathways, also noted by Williams and Haynes (2000).  Furthermore, urine application to pasture in 
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autumn and winter when pasture growth is low or nil (low temperature) is likely to result in lower 
pasture N uptake, higher N immobilisation and denitrification, compared to urine applied in spring or 
summer when the pasture is growing.  This represents an area of further research required to determine 
the relative competitiveness between N pathways for urine N in soil.  The average (+/-DCD) total 
15
N 
recovery of 88% in the current study was remarkably high considering the low pasture growth when 
urine was applied in autumn. 
Surprisingly, the application of DCD appeared to have no significant effect on the amount of N 
recovered in any fraction (P < 0.05 level of significance), except where the % recovery in the 150-350 
mm soil depth was higher where DCD was applied (P = 0.05, Table 7.8).  This may be due to the large 
variation in 
15
N recovery data from this field lysimeter experiment making it difficult to detect a DCD 
treatment effect.  The lack of DCD response in this study could be related to the DCD itself being 
leached from soil, which was referred to in the year two experiment discussion in Chapter 4, Chapter 5 
and Chapter 6.  However the leaching of DCD was not quantified in this study, and instead the 
assumption is made based on 7-58% leaching of applied DCD reported in other studies (Menneer et 
al., 2008a; Monaghan et al., 2009; Shepherd et al., 2012).  We would have expected to see a 
significant effect of DCD application on the N recoveries in the 
15
N balance, based on the results of 
other labelled and unlabelled N trials (Di and Cameron, 2007; Moir et al., 2007; Di and Cameron, 
2008).  Little work has been carried out on the use of 
15
N and DCD as a part of a detailed N balance, 
with which to compare our results.  Additionally, the variation between lysimeters was high from both 
the recovery in individual fractions and the total recovery, which resulted in a large standard error, and 
may have masked a DCD effect.  For example the recovery from the no-DCD and DCD treatments 
were 26 and 22%, respectively, in the soil fraction, and 23 and 33%, respectively, in the N2 emissions 
(Table 7.3), but these differences were not significant (P > 0.05).  This between-replicate variability 
seems to be an inherent part of lysimeter studies, and is discussed further in Section 7.4.2. 
 
7.3.4.1 Discussion summary 
 Emissions of di-nitrogen (N2) gas from urine applied at 1000 kg N ha
-1
 were high, amounting 
to 527 kg N ha
-1
.  The 
15
N recovery in the form of gaseous N2 emissions was 26% of urine N 
applied (no DCD), which is a significant new finding for 
15
N balance studies. 
 On average, 98% of the N2 emissions were produced from co-denitrification, the process by 
which one N atom from N2 was derived from a 
15
N-labelled NO2
-
 pool, and the other was from 
another unlabelled N pool.  Emissions of N2 may be underestimated if the contribution by co-
denitrification is high and conventional calculations for the N2 flux are used.  The large 
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recovery of 
15
N in co-denitrification may provide an explanation for the missing N usually 
cited in 
15
N balance studies. 
 Between 38 and 64% of the N recovered in N2O emissions, leaching and uptake fractions was 
soil-derived, unlabelled N.  The recovery of the 
15
N-labelled urine (no DCD) in the soil 
organic fraction, due to immobilisation, was 23%.  This indicates an increased mineralisation-
immobilisation turnover (MIT), as a result of urine application.   
 There was apparently no significant effect of DCD application on the 15N recovery in any 
fraction (except for the 150-350 mm soil organic fraction).  This may be due to considerable 
variation in 
15
N recovery data due to natural soil variation between lysimeters making it 
difficult to detect the DCD treatment effects.   
 There was considerable between-lysimeter variation, which may have reduced the observation 
of treatment effects, as well as the likelihood of detecting statistical differences between 
treatments, and is discussed in Section 7.4.2. 
7.3.5 Conclusions 
The total 
15
N recovery was, on average, 88% from urine applied at 1000 kg N ha
-1
, with and without 
DCD.  The remaining N unaccounted for (12%) was small, and was most likely a combination of 
gaseous N loss (NH3, NOx gases), and the cumulative error involved with the analyses of the 
individual fractions.  The N recovery (urine, no DCD) in the major fractions was: 23% in soil, 26% in 
pasture, 27% in gas and 10% in leachate.  The significant recovery of N in the soil fraction confirms 
the hypothesis: “that immobilisation would be the major N pathway of the N missing in the mass 
balance study.”  The recovery of N2 emissions of this size was of particular significance for grazed 
pasture systems, particularly when derived from a free-draining soil type. The process of co-
denitrification produced 98% of the N2 emissions, and should be explored further on other soil types.  
There was evidence of stimulated mineralisation-immobilisation turnover (MIT), where the 
immobilised 
15
N recovery was 23%, and there was unlabelled N recovered in most of the measured 
fractions.  The effect of urine application on MIT under grazed pastures needs to be investigated 
further, and ways in which MIT might be manipulated to suit pasture N requirements and to reduce N 
losses.  The effect of DCD on the 
15
N recoveries was not significant, except in the soil N recovery at 
the 150-350 mm depth.  This may be due to the large variation in 
15
N recovery data from this field 
experiment making it difficult to detect a DCD treatment effect. In addition, it is likely that much of 
the DCD leached from the top 200 mm of soil soon after urine application in the winter period.  The 
variability between lysimeter replicates in N balance studies may be a factor involved in the lack of 
statistical differences between treatments, and needs to be investigated in future N balance studies.  
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7.4 Nitrogen balance discussion – Part 3 
7.4.1 Nitrogen rate implications for balance 
The 
15
N balance for urine applied at the 1000 kg N ha
-1
 rate, identified two major pathways of urine N 
recovery: denitrification to N2 and immobilisation, which were not measured in the mass balance 
study.  While it would not be correct to directly translate the 
15
N recoveries of 23 and 26% for N2 
emissions and immobilisation, respectively, to the 37% missing N in the mass balance study, we can 
conclude that the two pathways would have accounted for the majority of the missing N.  Furthermore, 
because the recovery of N in N2O emissions, leaching and uptake, as a percentage of the N applied in 
the mass balance, did not vary significantly with the increase in urine N rate, it is possible that 
immobilisation and N2 emissions would be recovered in the same proportions.  In other words, if the 
recovery of N2 emissions was 20% where urine was applied at 1000 kg N ha
-1
, it is possible that the 
recovery was also 20% where urine was applied at 700, 500, and 300 kg N ha
-1
.  A separate study is 
required to confirm this extrapolation of the results, for example a N balance study of the fate of urine 
from multiple N rates, each of which is 
15
N-labelled.  
7.4.2 Limitations of nitrogen balance methods 
There was considerable between lysimeter variability in the mass balance and 
15
N balance recoveries.  
This was indicated by large LSD values for the difference between treatments, producing ‘non-
significant’ treatment effects.  Between replicate variability seems to be an inherent part of N balance 
studies (Legg and Meisinger, 1982), but its discussion in the literature is surprisingly rare.  When 
testing the difference between treatments, for example the effect of DCD in this study, a response may 
be observed in the data, but it is effectively masked by the between replicate variability, and the 
difference is not statistically significant.  This was also the case where the soil organic fraction 
15
N 
recovery was 23% and 33% for the DCD and no-DCD treatments, respectively, but the difference was 
not significant (P > 0.05, LSD = 17) (Table 7.3). If the 
15
N balance study was repeated, with eight 
replicates instead of four per treatment, the DCD effect may have been significant in more than one of 
the N recovery fractions. 
Two major problems associated with N balance studies were described by Legg and Meisinger (1982), 
which were, the lack of: (1) detail of the description of the analyses used and the experimental 
conditions, and (2) calculation of an appropriate error term.  An estimate of a population should 
include a mean and variance, not simply a mean.  This is a simple process in replicated trials, however 
in many 
15
N balance studies, the level of replication is low, probably because of the cost associated 
with isotope use and intensive sampling and analysis, so alternative, often complex methods are 
adopted for error calculation. One such example is the calculation of multiple covariance, which is 
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equal to the sum of the variances of each of the N pools, plus twice the covariances of all the possible 
two-way combinations of these pools (Legg and Meisinger, 1982; Clough et al., 2001a).  Notably, N 
balance calculations do not rely on accurate measurements of the various N pools, and provide no 
indication of the errors involved in the measurement of individual pathways.  Sufficient replication is 
essential to ensure that the sample variance may be calculated accurately, and this decision will 
depend on the type and size of the experiment, as well as the objectives.  The choice of error term has 
varied between 
15
N balance studies, from the standard error of the mean (SEM), which is the 
variability between replicates within a treatment, to the standard error of the difference between means 
(SED), which is the average SEM of all treatments, to a least significant difference (LSD), which 
combines both the variability between replicates within treatments, and the significance between 
treatments using an F-test.  In the current study, a large LSD was an indication of high variability 
between replicates or lysimeters.   
The enigma of soil N balance sheets has been discussed in several studies (Allison, 1955, 1966; 
Clough et al., 2001a), where, on average, the unaccounted for proportion of N applied was 20% 
(Allison, 1955).  The missing N has been commonly attributed to denitrification (by ‘difference’), 
assuming all of the remaining N sinks were measured (Legg and Meisinger, 1982; Whitehead and 
Bristow, 1990; Williams and Haynes, 1994).  In a study of the 
15
N balance enigma, destructive 
sampling of soil cores, convective flow following irrigation and diffusion from the base of the soil 
core resulted in a 
15
N recovery of 23% (Clough et al., 2001a).  The experiment was carried out under 
controlled conditions where all of the N gas could be accounted for, whereas in a field study, much of 
the N gas cannot be captured. However, this study indicates that a significant proportion of the 
15
N 
recovery was in N gas emissions, and that there are several different contributing processes.  In 
another 
15
N balance study of urine applied to field lysimeters, the total recovery was 96%, the majority 
of which was in soil, plant, roots and stubble, and the 4% unaccounted for, was attributed to 
denitrification (Di et al., 2002).  This remarkably low denitrification recovery from autumn-applied 
urine was attributed to warm autumn temperatures increasing N immobilisation. In contrast, where the 
temperature was cooler during autumn and winter, and plant uptake is low, losses of N gases would be 
expected to be higher, such as was the case in this lysimeter study.  Conversely, under warm 
conditions, where the pasture is growing, and the N turnover in the soil is greater, the N balance 
recovery would be higher, and the denitrification N gas emissions, lower. 
The choice of which N balance method to employ is central to the objectives of a study.  All N balance 
studies involve the entire N cycle, to some extent.  The mass balance approach provides a total picture 
of N cycling, where all N processes are related, whereas the 
15
N balance approach tracks how the 
applied N interacts with the N cycle.  Although direct comparisons cannot be made, mass and 
15
N 
balances approaches, together, show the significance of the cycling of N occurring in the soil under 
urine patches, especially MIT.  Further use of the two N balance methods in future studies will provide 
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a better understanding of urine N cycling.  On which N balance method to use, Legg and Meisinger 
(1982) stated: “The appropriate N balance method for a given problem will depend on the questions 
being investigated, the resources available, the final populations to which the data will be applied, and 
the desired accuracy of the results.”  This is appropriate to agricultural research as a whole, where the 
results of various trials are applied to farm or catchment scales, and caution is required in their 
interpretation.  
7.5 Conclusions 
The objective of the N balance studies was to determine the fate of urine N at varying N rates.  Using 
the mass balance method, recovery (kg N ha
-1
) increased as expected, but the percentage recovery did 
not change significantly, with the increase in urine N rate.  The average % recovery for both years in 
N2O emissions, leaching and uptake was low overall at 63% of the N applied. This highlighted the 
need for a more detailed N balance study to recover the missing N.   
The 
15
N balance study was carried out at the 1000 kg N ha
-1
 urine rate (no DCD), and the results 
showed that 23 and 26% 
15
N was immobilised and denitrified to N2 gas, respectively.  The finding of 
significantly large N2 emissions is an important one for grassland research as well as for N balance 
studies.  The majority of N2 emissions were derived from the process of co-denitrification, which has 
not been quantified for urine N before in a field study.  The 23% 
15
N recovery from immobilisation, 
coupled with the significant quantities of soil-derived N (unlabelled N) in leaching and pasture 
fractions especially, indicates mineralisation-immobilisation turnover under urine patches.  The effect 
of DCD on the urine N recovery was not statistically significant in most cases, which was probably 
due to two factors: (1) a DCD effect being masked by the considerable between-lysimeter variability, 
inherent in lysimeter-based studies and (2) the DCD having been leached from the soil during the 
winter drainage period. It is recommended that future 
15
N labelling lysimeter experiments include 
sufficient replication to ensure that a treatment effect can be identified statistically. 
Emissions of N2, and immobilisation were the two major processes identified using the 
15
N balance, 
which were missing from the mass balance study, and were likely to have contributed the majority of 
the 37% N unaccounted for in the mass balance study.  It is hypothesised that, like the N2O emissions, 
leaching and uptake fractions, the N2 emissions and immobilisation recoveries would on average 
remain the same as a % of the N applied, with increasing urine N rate.  There is considerable scope for 
further research into N2 emissions from grazed pasture, and MIT in urine-affected soil, both of which 
could be further explored using the 
15
N balance method.   
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Chapter 8 
General discussion and conclusions 
8.1 General discussion 
8.1.1 Evaluation of hypotheses 
Hypothesis #1: That an increase in the urine N loading rate would increase the cumulative N2O 
emissions, N leaching and pasture N uptake from grassland lysimeters in Ireland. 
Increasing the loading rate of urine N resulted in increasing cumulative N2O emissions, N leaching 
and pasture uptake, which confirms that the first hypothesis is correct.  The relationships with urine N 
rate were curvilinear, with the increase in N recovered in each fraction diminishing at the higher N 
rates, except for the pasture fraction, where the curvilinear relationship was exponential.  Increasing 
the urine N loading rate meant an increase in the availability of N in the soil, which was potentially 
denitrified, leached or taken up by the pasture.  By eye, the relationships appeared linear, however 
statistical contrasts indicated, in most cases, highly significant evidence of curvature (‘quadratic’ 
response).  The reason for curvature was probably due to the extra N at the higher urine N loading 
rate(s) being utilised in other N pathways.  This was shown in the 
15
N balance carried out in year two 
where a significant proportion of urine N was immobilised and denitrified to N2 (Hypothesis #3).  It is 
likely that the removal of N in these pathways contributed to the curvlinear relationships with urine N 
rate observed with N2O emissions, leaching and uptake, however, a 
15
N balance was not carried out at 
the lower N rates and therefore this hypothesis needs to be tested in another study. 
Hypothesis #2:  That the application of dicyandiamide (DCD) nitrification inhibitor would reduce 
cumulative N2O emissions and N leaching, and increase pasture N uptake from urine applied to 
grassland lysimeters regardless of the urine N loading rate applied. 
The application of DCD reduced N2O emissions and N leaching and increased pasture N uptake where 
urine was applied at 500 and 1000 kg N ha
-1
, which confirms that the second hypothesis is correct.  
However the response to DCD was variable, for example a significant response was found at one urine 
N rate, but not the other. There was no consistent trend towards an interaction between urine N rate 
and DCD in N2O emissions, leaching or pasture uptake in year one or year two.  Although DCD 
recovery in soil and drainage was not measured, it was likely that the DCD moved through the soil 
profile in drainage occurring during winter, and thus it was separated from the urine-derived NH4
+
 
contained in the topsoil, and thus the effect of DCD was reduced.   
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Hypothesis #3:  That the recovery of urine N, as a percentage of the amount applied, would be the 
same regardless of the loading rate of N applied. 
The total recovery of N as a percentage of the N applied was on average the same (63%), regardless of 
the loading rate of urine N applied, in the year two experiment, which confirms that the third 
hypothesis is correct.  In year one, the percentage recovery decreased linearly with increasing urine N 
loading rate, despite the values being similar to those in year two (average 63%).  Because the 
recovery in year one (in N2O emissions, leaching and uptake) was low, 
15
N labelling was used in the 
1000 +/- DCD kg N ha
-1
 treatments in year two in order to better understand the fate of urine N.  The 
15
N balance showed that 23 and 26% of N applied was recovered in the soil (immobilisation) and as 
gaseous N2, respectively, which accounts for two major pathways not measured in the previous mass 
balance.  It seems reasonable to suggest that immobilisation and N2 emissions would have made up the 
majority of the ‘missing’ 37% N from urine N rates 0, 300, 500 and 700 kg N ha-1, however this needs 
to be verified in another study using 
15
N at these urine N rates as well as at the 1000 kg N ha
-1
 rate. 
 
8.2 Conclusions 
 Increasing the loading rate of urine nitrogen (N) resulted in an increase in the cumulative 
nitrous oxide (N2O) emissions, N leaching and pasture uptake, which confirms that 
Hypothesis #1 is correct.  The relationships between urine N rate and N2O emissions and N 
leaching were curvilinear, with the increase in N recovered in each fraction diminishing at the 
higher N rates.  The exception was with pasture N uptake, where the relationship with urine N 
rate was curvilinear with an exponential increase at the higher N rates.  The main driver for 
these responses was thought to be the increase in the supply of N in the soil with increasing 
urine N loading rate, which was able to be denitrified, leached or taken up by the pasture.    
 The application of the nitrification inhibitor DCD reduced N2O emissions and N leaching, and 
increased pasture N uptake, particularly in year one, which confirms that Hypothesis #2 is 
correct.  However, the response to DCD was variable, and no consistent interaction between 
DCD and urine N rate was found.  It is likely that at least some of the DCD was removed from 
the soil via leaching and degradation, which explained the reason for the variable response in 
N2O emissions, N leaching and N uptake between urine N rates, and between years.    
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 As a percentage of the N applied, the mass, or ‘apparent’ recovery of N in N2O emissions, N 
leaching and N uptake did not change significantly, which confirms that Hypothesis #3 is 
correct.  The ‘missing’ N was recovered in soil immobilisation and N2 emissions, using the 
15
N isotopic balance method at the 1000 kg N ha
-1
 urine rate.  It is hypothesised that, like the 
N2O emissions, N leaching and N uptake, the immobilisation and di-nitrogen (N2) emissions 
recoveries would remain the same as a percentage of the N applied, with increasing urine N 
rate.  The use of mass balance and 
15
N balance methods highlighted the significance of 
mineralisation-immobilisation turnover (MIT) processes in a urine patch and their contribution 
to N loss pathways.   
 This study showed that a significant quantity of N2 emissions was recovered from a urine 
patch in the relatively unrecognised process of co-denitrification, which has major 
implications for N balance studies in pastoral soils.   
 
8.3 Implications of research 
8.3.1 Di-nitrogen emissions 
The finding of a large quantity of N2 emissions in this study is a significant one, not only for urine N 
research, but for grazed pasture systems overall.  Of the urine N applied, 26% was recovered in N2 
emissions, almost all of which was derived from the process of co-denitrification.  The total quantity 
of N2 emissions under the 1000 kg N ha
-1
 urine patch was 527 kg N ha
-1
, which exceeds the recovery 
of N in other fractions.  N2 emissions of this magnitude, or from the co-denitrification process have not 
been reported for grazed pasture systems.  The mechanisms driving the process of co-denitrification 
are complex (Spott et al., 2011), measurements of which were beyond the objectives and scope of this 
research. However the finding of such a large quantity of N2 emissions warrants further research at 
both a process level and at the field level.  Three key aspects relevant to the finding of N2 emissions in 
this study include: 
 N2 emissions of this size from pastoral soils have not been reported, except by Monaghan and 
Barraclough (1992).   The finding of a significant quantity of N2 emissions contributes to 
filling the gap of ‘missing N’ in N balance studies. 
 Co-denitrification, a previously unrecognised process in pastoral soils, is not only significant 
but produced almost all of the N2 emissions from the urine patch in this study.  N2 emissions 
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of this magnitude were not expected from a free-draining soil, where we would expect a much 
lower loss from conventional denitrification, compared to heavier soils.   
 Half of the total N2 emissions measured were derived from soil rather than the urine.  This 
indicates a significant contribution of soil organic N mineralisation to N2 emissions from 
urine-affected soil. 
8.3.2 Mineralisation-immobilisation turnover 
Evidence of a significant contribution of MIT to N losses and pasture uptake under a urine patch was 
found in this study, and may indicate that the significance of MIT in pastoral soils is currently being 
underestimated.  The use of both mass balance and 
15
N balance methods allowed the source of N, 
applied urine or native soil N, to be identified.  The proportion of N immobilised was 23%, which was 
relatively simple to measure as the 
15N recovered in the soil fraction. This provided a ‘snapshot’ of the 
‘gross’ percentage of N immobilised.  The percentage of soil-derived N recovered in N emissions, 
leaching, and pasture uptake ranged from 37-63%, which indicates a significant contribution of 
mineralisation of native soil N to N transformations under a urine patch.  Gross mineralisation was not 
quantified in this study, and therefore a net rate of mineralisation or immobilisation is not known.  
Furthermore, quantifying the amount of organic matter mineralisation occurring in a urine patch is 
difficult, and would require specific and accurate measurements of all components of the N balance.  
15
N isotopic labelling techniques are likely to be the most appropriate method to achieve this.  
8.3.3 Relationship between leaching and pasture growth 
A strong relationship was shown between leaching and uptake in both years of measurement, despite 
the pasture growth being markedly different between years.  In year one, pasture growth was slow due 
to low N conditions and over-cutting damage to ryegrass plants, and so N leaching was 
correspondingly high.  Whereas in year two, pasture growth was much better due to the oversowing of 
ryegrass seed, and N leaching was correspondingly low.  This finding may be extrapolated to a field 
situation by recognising the importance of a growing pasture in reducing N leaching from grazed 
pasture systems.  Mitigations for N leaching could be centred on enhancing pasture growth, for 
example, increasing pasture growth during leaching vulnerable periods by using regrassing 
programmes which maximise the uptake of N by young growing pasture plants, or the use of winter-
active pasture species e.g. Italian ryegrass.  
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8.3.4 Grazed pasture systems in Ireland 
The emission factor for N2O from urine (EF3) remained below 0.4% of N applied, in both years of 
measurement, regardless of the urine N loading rate applied.  This may have implications for the 
calculation of emission factors in Ireland’s greenhouse gas inventory.  Currently, the IPCC default for 
animal excreta deposited during grazing is 2%, under Pasture, Paddock and Range (IPCC, 2006).  
Because 0.4% is well below 2%, the default value may need to be changed, to country-specific values 
for urine, such as in New Zealand (de Klein et al., 2003).  Before this is possible, further research 
should be carried out to determine the EF3 value for a range of soil types and urine timings in Ireland, 
particularly on heavier soils than the free-draining Moorepark soil used in this study.  Additionally, the 
EF3 changed little with the increase in urine N rate, which suggests that use of an emission factor (% 
of N applied) is an appropriate measurement unit for estimating urine patch N2O-N loss in greenhouse 
gas inventories. 
Because the pastoral grazing system on which Irish agriculture is based is similar to that in New 
Zealand, it follows that use of DCD may too have benefits for reducing N losses in Ireland.  However 
a key difference is the farm size, which affects the way DCD is applied, in terms of cost.  Other 
studies have added DCD to slurry before land spreading on the basis of the slurry NH4
+
-N content, and 
showed reductions in N losses (Corre and Zwart, 1995; McGeough et al., 2012).  However targeted 
DCD application to urine patches is needed, therefore further research is required to determine the 
most effective method of applying DCD on an Irish dairy farm, both economically and 
environmentally.  A novel use of DCD is using animal delivery techniques (Ledgard et al., 2008), 
research into which is in progress. 
While the focus of this study was on the fate of N in a urine patch, the discussion of the mitigation 
methods involving dietary manipulation and application of DCD widen the scope of the research to 
include the path of N from animal intake, excretion, urine deposition and fate.  While it is important to 
consider individually the steps in the path of N in a grazed pasture system, it is equally important to 
understand the interactions, examples of which are:  
 The relationship between fertiliser N application, animal stocking rate and urine deposition on 
a paddock basis.  
 Seasonal pasture production, feed supply and demand and the proportion of the animal diet 
which is pasture, influencing the amount of N excreted in the urine. 
 The timing of urine deposition in relation to N loss vulnerable periods.  
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Recognition of the significance of urine patches as a major source of N loss in grazed pastures in 
Ireland is somewhat delayed compared to that in New Zealand.  Much of the concern relating to N loss 
in grazed pastures in Ireland is centred on slurry management, and the mitigation of NH3 volatilisation 
losses.  It could be argued that the paddock-scale N losses from slurry and from urine may be similar; 
however this would need to be tested in an experiment.  As Ireland seeks to increase its competitive 
advantage of a 100% grass-based farming system, the importance of urine patches deposited by 
grazing animals should be recognised.  This research has shown that urine patches play an important 
role in N cycling in pastoral soils, and should be considered in nutrient management programmes on 
Irish farms. 
8.3.5 DCD 
The application of DCD in this study produced variable results, which if used alone, would not 
provide sufficient evidence to justify routine applications on Irish farms.  Use of DCD in grazed 
pastures was not common practice in Ireland in July 2013, and this study represents some of the first 
research in Ireland using DCD and urine-treated soil, as well as Dennis (2009) and O'Connor et al. 
(2012).  One of the biggest problems with the efficacy of DCD is maintaining an effective 
concentration in the soil, in close proximity to NH4
+
 so that its conversion to NO2
-
 via nitrification is 
inhibited.  On a simple level, it would be remarkable (and potentially harmful) if a chemical added to 
the soil did persist in the soil, resisting decomposition or physical removal.  If an environmentally-
benign and yet consistently-effective nitrification inhibitor is required, then understanding its fate in 
soil should be a research priority.  It is somewhat surprising that the efficacy of DCD is discussed and 
critiqued widely without, in many cases, evidence to show that DCD was contained in the soil at a 
sufficient concentration to remain effective.  Further work on understanding the decomposition and 
leaching of DCD under controlled, lab conditions is required. 
It should be expected that DCD effects are greatest in lab-based studies under controlled conditions, 
and least obvious in paddock or farm-scale trials where naturally variability is higher.  Lysimeter 
experiments are likely to produce results somewhere in between the two as they are both a contained 
experimental unit, but subject to natural climatic conditions.  In studies where DCD is tested, the 
majority of statistically significant effects are observed at the finer level, for example N uptake from a 
single pasture harvest compared to cumulative total N uptake, or soil mineral N from a 5 cm soil depth 
compared to the average of 30 cm depth.  Where whole fractions are analysed, DCD effects are not 
typically clear, for example in this study in the 
15
N balance there was no significant DCD effect on N 
recovery in the gas, leaching, uptake or soil fractions (Chapter 7).  What this means from a practical 
point of view, is that while DCD may not provide a clear benefit on an annual pasture dry matter 
production basis, it may contribute significantly to pasture production during autumn, such as by 
contributing to both feed supply and reducing the potential for N leaching.  Suggestions for further 
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research using DCD are that trials should be concentrated at the field and farm scale, and should 
consider at all times the effective concentration and fate of the applied DCD.   
8.3.6 Advantages and Limitations 
Some of the advantages of this research include: 
 The applicability of results to a range of ruminant farm systems in terms of urine patch N 
loading rate e.g. sheep, beef, dairy. 
 The ability to capture information on the fate of N in a range of N pathways by using 
lysimeters and N balance concepts, including capturing potential ‘emissions swapping’ 
effects. 
 A higher than typically-used 15N-labelling ratio of 45% of urine N enabled N2 emissions to be 
quantified using the closed chamber technique and isotope ratio mass spectrometry. 
 Two years of measurement provided data from repeat experiments. 
Some of the limitations of this research include: 
 Urine patch characteristics were for an ‘average’ dairy cow urine patch in a grazed pasture 
system.  Assumptions of 2 L per urination and surface area (wet by urine) of 0.2 m
2
.  In 
reality, these values vary and would affect the loading rate of N in the urine patch. 
 DCD being applied at only two of the five urine N loading rates.  The objective of testing that 
the DCD effect was ‘the same regardless of the N rate applied’ would have been determined 
more conclusively if DCD was applied with urine at 0, 300 and 700 kg N ha
-1
 as well as 500 
and 1000 kg N ha
-1
. 
 The recovery of DCD was not measured in the soil or leaching.  The concentration of DCD 
was in fact analysed on some samples, but there were insufficient sample numbers on which to 
base analysis and conclusions on the fate of DCD. 
 15N-labelled urine was also applied to soil sampling plots corresponding to and adjacent to 
lysimeters in year two, however data was unable to be utilised due to problems with sample 
storage and analysis.  This would have provided useful information on soil mineral N 
concentrations over time, which would have been particularly useful to support gaseous N 
emissions results. 
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 Dissolved N2O gas was quantified in the lysimeter drainage, but the values were close to, or 
below analysis detection limits, and the lysimeter set-up represented an ‘open’ system, where 
dissolved gases could easily be diffused into the atmosphere.  Therefore the results were not 
deemed valid for presentation. 
 Effects of carbon (C) were not measured and may have played an important interactive role 
with N processes, for example labile C sources in the urine treatments.  Real cow urine had an 
N concentration of ~8 g N L
-1
, and was diluted using water to give 3, 5 and 7 g N L
-1
 
concentrations, corresponding to the 300, 500 and 700 kg N ha
-1
 urine treatments.  This means 
that the C concentration (as well as other urinary constituents) was also diluted.   
 Due to the range in urine N rate treatments, and replication required, the lysimeter 
experiments were restricted to a single soil type, one urine application timing (autumn) and a 
single location/climate regime.  If the study was repeated, multiple soil types should be used 
and from urine applied in other seasons, such as spring, to test the effect of urine timing. 
 The use of lysimeter methodology has both advantages and disadvantages.  Because the soil 
core is intact, and of a relatively easily-managed size for sampling, a range of N balance 
measurements can be carried out, which are not possible with lab incubations or grazed field 
plots, for example.  However one limitation relates to scale, where lysimeter measurements 
simulate field conditions and therefore the results do not usually correspond well with those 
found under actual field grazing conditions.  At the other end of the spectrum, more detailed 
process measurements are not possible whilst keeping the soil core intact, so additional plots 
or experiments often need to be conducted to supplement lysimeter measurements.  
 Applying findings at the lysimeter scale to a field and farm situation should be cautioned.  
Both temporal and spatial variability need to be accounted for.  In this study, findings at the 
lysimeter scale would need to be verified with experiments in paddocks or farmlets and with 
applications during different times of the year, fitting in with a farm’s calendar of events.  
 The field replication for N balance in this study was four.  The between replicate variability 
suggested in the N balance studies indicates the need for greater replication.   
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8.4 Suggestions for further research 
Some of the key research questions arising from this project are: 
1. What are the main drivers of co-denitrification?  How much di-nitrogen (N2) gas is emitted on 
a seasonal and annual basis from pastoral systems?  Can the ratio of N2O:N2 be manipulated 
as a greenhouse gas mitigation method? 
2. What is the role of mineralisation-immobilisation turnover (MIT) in grazed pasture systems, 
and what is the net effect of MIT in urine-affected soil? 
3. What is the fate of DCD nitrification inhibitor following application to soil, and what are the 
benefits of DCD application at the field and farm-scale? 
4. How do fertiliser, pasture and animal nutrition factors interact with seasonal climate changes 
to influence the amount and fate of urine N returned to pasture, at a field scale?  How are these 
factors linked? 
5. If additional urine N rates were included, would the relationships between urine N rate and 
total N2O emissions, NO3
-
 leaching and pasture uptake continue to show highly significant 
evidence of curvature? 
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 Appendix A
Maps of Ireland 
A.1 Political map of Ireland 
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A.2 Map of Ireland by soil type 
 
Source: Fay et al., (2007)
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B.1 Calendar of events: year one experiment 
 
 
2009 2010
December January February March April May June July August September October November December
Mon 1 1 1
1 Tue 2 2 1 2
2 Wed 3 3 2 1 3 1
3 Thu 4 4 1 3 1 2  FERT 4 2
4 Fri 1 5 5 2 4 2 3 1 5 3
5 Sat 2 6 6 3 1 5 3 4 2 6 4
6 Sun 3 7 7 4 2 6 4 1 5 3 7 5
7 Mon 4 8 8 5 3 7 5 2 6 4 8 6
8 Tue 5 9 9 6 4 8 6 3 7 5 9 7
9 Wed 6 10 10 7 5 9 7 4 8 6 10 8
10 Thu 7 11 11 8 6 10 8 5 9 7 11 9
11 Fri 8 12 12 9 7 11 9 6 10 8 12 10
12 Sat 9 13 13 10 8 12 10 7 11 9 13 11
13 Sun 10 14 14 11 9 13 11 8 12 10 14 12
14 Mon 11 15 15 12 10 14 12 9 13 11 15 13
15  URINE Tue 12 16 16 13 11 15 13 10 14 12 16 14
16  DCD Wed 13 17  DCD 17 14 12 16 14 11 15 13 17 15
17 Thu 14 18 18 15 13 17 15 12 16 14 18 16
18 Fri 15 19 19 16 14 18 16 13 17 15 19 17
19 Sat 16 20 20 17 15 19 17 14 18 16 20 18
20 Sun 17 21 21 18 16 20 18 15 19 17 21 19
21 Mon 18 22 22 19 17 21  FERT 19 16 20 18 22 20
22 Tue 19 23 23 20 18 22 20 17 21 19 23 21
23 Wed 20 24 24 21 19 23 21 18 22 20 24 22
24 Thu 21 25 25 22 20 24 22 19 23 21 25 23
25 Fri 22 26 26  FERT 23 21 25 23 20 24 22 26 24
26 Sat 23 27 27 24 22 26 24 21 25 23 27 25
27 Sun 24 28 28 25 23 27 25 22 26 24 28 26
28 Mon 25 29 26 24 28 26 23 27 25 29 27
29 Tue 26 30 27 25 29 27  FERT 24 28 26 30 28
30 Wed 27 31 28  FERT 26 30 28 25 29 27 29
31 Thu 28 29 27  FERT 29 26 30 28 30
Fri 29 30 28 30 27 29 31
Sat 30 29 31 28 30
Sun 31 30 29 31
Mon 31 30
31
GUIDE LEACHING GAS PASTURE LEACHING & GAS PASTURE & GAS LEACHING & PASTUREl I 
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B.2 Calendar of events: year two experiment 
 
 
2010 2011
December January February March April May June July August September October November December
Mon 1
Tue 1   FERT 1 2 1
1 Wed 2 2 1 3 2
2 Thu 3 3 2 4 1 3 1
3 Fri 4 4 1 3 1 5 2 4 2
4 Sat 1 5 5 2 4 2 6 3 1 5 3
5 Sun 2 6 6 3 1 5 3 7 4 2 6 4
6 Mon 3 7 7 4 2 6 4 8 5 3 7 5
7 Tue 4 8 8  DCD/FERT 5 3 7 5 9 6 4 8 6   CORING
8 Wed 5 9 9 6 4 8 6 10 7 5 9 7
9 Thu 6 10 10 7 5 9 7 11 8 6 10 8
10 Fri 7 11 11 8   FERT 6 10 8 12 9 7 11 9
11 Sat 8 12 12 9 7 11 9 13 10 8 12 10
12 Sun 9 13 13 10 8 12 10 14 11 9 13 11
13 Mon 10 14 14 11 9 13 11 15 12 10 14 12
14 Tue 11 15 15 12 10 14   FERT 12 16 13 11 15 13
15 Wed 12 16 16 13 11 15 13 17 14 12 16 14
16 Thu 13 17 17 14 12   FERT 16 14 18 15 13 17 15
17 Fri 14 18 18 15 13 17 15 19 16 14 18 16
18 Sat 15 19 19 16 14 18 16 20 17 15 19 17
19 Sun 16 20 20 17 15 19 17 21 18 16 20 18
20 Mon 17 21 21  OVERSOW 18 16 20 18 22 19 17 21 19
21 Tue 18 22 22 19 17 21 19   FERT 23 20 18 22 20
22 Wed 19 23 23 20 18 22 20 24 21 19 23 21
23 Thu 20 24 24 21 19 23 21 25 22 20 24 22
24 Fri 21 25 25 22 20 24 22 26 23 21 25 23
25 Sat 22 26 26 23 21 25 23 27 24 22 26 24
26 Sun 23 27 27 24 22 26 24 28 25 23 27 25
27 Mon 24 28 28 25 23 27 25 29 26 FERT 24 28 26
28  URINE Tue 25 29 26 24 28 26 30 27 25 29 27
29   DCD Wed 26 30 27 25 29 27 31 28 26 30 28
30 Thu 27 31 28 26 30 28 29 27 29
31 Fri 28 29 27 29 30 28 30
Sat 29 30 28 30 29 31
Sun 30 29 31 30
Mon 31 30 31
Tue 31
GUIDE LEACHING GAS PASTURE LEACHING & GAS PASTURE & GAS LEACHING & PASTURE
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 Appendix C
Nitrous oxide variability and linearity 
C.1 Variability due to analysis and field measurement 
Control treatment initial (t0) measurements for each sampling day in each year were used to estimate 
analysis error and natural field variability.  These samples were deemed the best representation of 
atmospheric or background N2O concentration because they were taken from chamber headspace 
immediately after placement on each lysimeter.   
A pooled standard deviation was obtained by performing an analysis of variance on the control t0 
measurements from the three lysimeter replicates across all sampling dates in year one using Genstat 
version 13 (Lawes Agricultural Trust, UK).  Sampling dates were classed as treatments, thereby 
removing the differences between sampling dates leaving pooled variations within dates.  For year two 
this was repeated for the four lysimeter replicates.  The 95% confidence interval (CI) was calculated 
using Equation C.1 as follows:   
       (    )                          
Equation C.1:  Calculation for the 95% confidence interval for variability in N2O emissions 
where: 
       (    ) = 95% confidence interval for the difference in N2O concentration between the 
1
st
 and 2
nd
 and 2
nd
 and 3
rd
 chamber headspace measurements 
           =  Pooled standard deviation calculated for years one and two separately 
        =  Student t-test distribution – t-table value (using p-value and DF) 
   =  Adjustment for the difference between two values 
The 95% CI for the difference between two headspace samples was 0.041 ppmv in year one and 0.053 
ppmv in year two.  The CI was applied to the three chamber headspace measurements for each 
lysimeter in each treatment.  Where the difference between two headspace sampling concentrations 
was less than the 95% CI of 0.041 ppmv in year one or 0.053 ppmv in year two, the measurements 
may have been affected by GC analysis error or natural variability in field measurements (i.e. the 
difference was plausibly zero).  We recommend that a level of confidence should be calculated for 
each GC analysis N2O concentration.  The level of confidence in each N2O measurement should be 
defined before use of a non-linear model.  This is because a non-linear headspace accumulation may 
be due to analysis error, variability in field measurements, or a combination of the two. 
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C.2 Chamber headspace accumulation of nitrous oxide 
A linear calculation for the slope of N2O concentration increase in the chamber headspace was used in 
this study Equation 4.1 (Section 4.2.3).  Analysis was carried out to test the linearity of the 
accumulation in chamber headspace N2O.  The log of the difference between the 1
st
 and 2
nd
 (log c1-c0) 
and the 2
nd
 and 3
rd
 (log c2-c1) headspace N2O concentrations was first calculated for all replicates and 
treatments independently.  The log transformation enabled the range in headspace N2O concentrations 
arising because of differences in treatments to be standardised.  The 95% CI described above was then 
applied, separating the data into groups:  
 Group 1 (red) = (c1-c0) and (c2-c1) affected by analysis/field error,  
 Group 2 (green)  = (c1-c0) or (c2-c1) affected by analysis/field error, and  
 Group 3 (blue)  = measurements unaffected by analysis/field error.  
The data in each of the three groups is presented in Figure C.1 for year one and Figure C.2 for year 
two.  The simulated 1:1 line represents the situation where headspace N2O accumulation is exactly 
linear.  Both figures show that the headspace N2O measurements unaffected by the analysis/field error 
(as determined by the 95% CI) are strongly linear, particularly where the magnitude of N2O emissions 
increases.  The majority of the deviation from linearity observed can be explained by GC analysis 
error and variability in field measurement, particularly where there are low N2O emissions.   
Calculations to estimate chamber headspace N2O accumulation in the literature have been both linear 
(Denmead, 1979; Velthof and Oenema, 1995; de Klein et al., 2003) and non-linear (Hutchinson and 
Mosier, 1981; Healy et al., 1996).  Non-linear calculations have been justified with the occurrence of 
the diffusion constraint phenomenon which usually resulted in a trend in headspace N2O concentration 
where (c2-c1)<(c1-c0), assuming equal distance between sample measurement periods (Hutchinson 
and Mosier, 1981).  Analysis in the current study indicated that a linear calculation for headspace N2O 
accumulation was justified, because the majority of the non-linear accumulation was related to GC 
machine error or variability occurring from field measurements.  These findings were supported by de 
Klein et al. (2003) where the majority of variation observed was attributable to GC analysis and field 
measurement variability.  We recommend that in future field studies where N2O emissions are 
measured, the number of measurements during each sampling episode should be greater than or equal 
to four, in order to test the trend (linear or non-linear) in headspace N2O accumulation. 
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Figure C.1:  A comparison of the log slope between the first and second (c1-c0) and the second 
and third (c2-c1) headspace N2O measurements using a 95% confidence interval 
for year one.  (■Group 1 (c1-c0) and (c2-c1) within 95% CI ▲Group 2 (c1-c0) or 
(c2-c1) within 95% CI ♦Group 3 Both outside 95% CI). 
 
Figure C.2:  A comparison of the log slope between the first and second (c1-c0) and the second 
and third (c2-c1) headspace N2O measurements using a 95% confidence interval 
for year two.  (■Group 1 (c1-c0) and (c2-c1) within 95% CI ▲Group 2 (c1-c0) or 
(c2-c1) within 95% CI ♦Group 3 Both outside 95% CI). 
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 Appendix D
Pasture results from individual harvests 
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D.1 Pasture dry matter yield by harvest 
D.1.1 Year one pasture dry matter yield by harvest 
Treatment Dry matter yield (kg DM ha
-1
) 
  Harvest 1
1
 Harvest 2 Harvest 3 Harvest 4 Harvest 5 Harvest 6 
Control 124 d 364 d 691 f 466 c 480 d 523 c 
Fertiliser 360 abc 932 ab 2557 bc 709 bc 818 bc 816 ab 
U300 202 cd 545 cd 1433 e 492 c 540 d 559 c 
U500 240 bcd 659 bc 1760 de 507 c 526 d 591 bc 
U700 346 abc 634 cd 2158 cd 472 c 462 d 579 bc 
U1000 372 ab 1064 a 3223 ab 787 b 1013 ab 809 ab 
U500+DCD 330 abc 1091 a 3045 ab 780 b 632 cd 619 bc 
U1000+DCD 463 a 1036 a 3599 a 1089 a 1081 a 995 a 
LSD (0.05)
2
 168.1 
 
286.9 
 
700.8 
 
249.1 
 
224.8 
 
249.1 
 Significance of contrasts
3
                         
Urine rate effect:
4
 
            Linear ** 
 
*** 
 
*** 
 
* 
 
*** 
 
* 
 Quadratic NS   NS   NS   NS   **   NS   
Urine rate*DCD:
5
 
        
        
Main effect urine * 
 
NS 
 
*** 
 
** 
 
*** 
 
** 
 Main effect DCD NS 
 
* 
 
** 
 
** 
 
NS 
 
NS 
 Interaction NS   *   NS   NS   NS   NS   
1 
Harvests 1-6 correspond to April, May, June, July, August and September, respectively, in 2010 (year one). 
2
 Letters indicate a significant difference between two treatments at P < 0.05.  Least significant difference (5%) 
calculated from all treatments including control.  
3
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05. 
4
 Urine rate effect based on contrasts of 5 urine treatments including control. 
5
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
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D.1.2 Year two pasture dry matter yield by harvest 
Treatment Dry matter yield (kg DM ha
-1
) 
  Harvest 1
1
 Harvest 2 Harvest 3 Harvest 4 Harvest 5 Harvest 6 Harvest 7 Harvest 8 Harvest 9 
Control 410 bc 628 f 922 d 878 d 598 f 634 d 602 c 491 d 752 b 
Fertiliser 335 c 829 ef 2375 b 2099 bc 2052 c 1383 b 984 b 656 bc 1100 a 
U300 562 abc 938 de 1771 c 1454 cd 1070 ef 878 cd 744 bc 534 cd 849 ab 
U500 713 a 1148 cd 2453 b 2988 a 1671 cd 965 cd 822 bc 566 cd 1052 ab 
U700 700 a 1273 bc 2513 b 3323 a 2168 bc 1148 bc 642 bc 535 cd 818 ab 
U1000 585 ab 1672 a 3447 a 2803 ab 2944 a 2152 a 1425 a 844 a 795 b 
U500+DCD 674 a 1468 ab 2583 b 1792 c 1239 de 1168 bc 985 b 793 ab 1005 ab 
U1000+DCD 521 abc 1285 bc 2855 b 2847 ab 2681 ab 2199 a 1465 a 936 a 798 b 
LSD (0.05)
2
 214.1 
 
297.7 
 
551.0 
 
824.4 
 
559.7 
 
390.3 
 
370.8 
 
151.3 
 
300.7 
 Significance of contrasts
3
                                     
Urine rate effect:
4
 
                  Linear * 
 
*** 
 
*** 
 
*** 
 
*** 
 
*** 
 
*** 
 
*** 
 
NS 
 Quadratic *   NS 
 
NS   **   NS   **   *   *   NS   
Urine rate*DCD:
5
 
   
  
    
                    
Main effect urine NS 
 
NS 
 
** 
 
NS 
 
*** 
 
*** 
 
*** 
 
*** 
 
* 
 Main effect DCD NS 
 
NS 
 
NS 
 
NS 
 
NS 
 
NS 
 
NS 
 
** 
 
NS 
 Interaction NS   **   NS   *   NS   NS   NS   NS   NS   
1 
Harvests 1-9 correspond to March, April, May, June, July, August, September, October and November, respectively, in 2011 (year two). 
2
 Letters indicate a significant difference between two treatments at P < 0.05.  Least significant difference (5%) calculated from all 
treatments including control.  
3
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05. 
4
 Urine rate effect based on contrasts of 5 urine treatments including control. 
5
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
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D.2 Pasture N content by harvest 
D.2.1 Year one pasture N content by harvest 
Treatment N content (%) 
  Harvest 1
1
 Harvest 2 Harvest 3 Harvest 4 Harvest 5 Harvest 6 
Control 2.44 d 1.60 e 1.45 de 2.21 e 2.34 c 2.74 abc 
Fertiliser 3.90 a 2.81 bc 2.08 abc 3.34 b 3.54 a 2.93 abc 
U300 2.75 cd 2.08 e 1.44 e 2.35 de 2.20 c 2.55 c 
U500 2.67 cd 2.14 de 1.51 de 2.34 de 2.49 c 2.77 abc 
U700 3.06 bc 2.68 cd 1.88 bc 2.64 cd 2.37 c 2.64 bc 
U1000 3.74 a 3.35 ab 2.30 a 3.78 a 3.01 b 2.98 ab 
U500+DCD 3.54 ab 2.96 abc 1.82 cd 2.94 c 2.41 c 2.70 bc 
U1000+DCD 3.94 a 3.44 a 2.25 ab 3.68 ab 3.10 b 3.13 a 
LSD (0.05)
2
 0.503 
 
0.561 
 
0.367 
 
0.390 
 
0.417 
 
0.413 
 Significance of contrasts
3
                         
Urine rate effect:
4
 
            Linear *** 
 
*** 
 
*** 
 
*** 
 
** 
 
NS 
 Quadratic NS   NS   *   ***   *   NS   
Urine rate*DCD:
5
 
        
        
Main effect urine *** 
 
*** 
 
*** 
 
*** 
 
*** 
 
* 
 Main effect DCD ** 
 
* 
 
NS 
 
NS 
 
NS 
 
NS 
 Interaction NS   NS   NS   *   NS   NS   
1 
Harvests 1-6 correspond to April, May, June, July, August and September, respectively, in 2010 (year one). 
2
 Letters indicate a significant difference between two treatments at P < 0.05.  Least significant difference 
(5%) calculated from all treatments including control.  
3
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05. 
4
 Urine rate effect based on contrasts of 5 urine treatments including control. 
5
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
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D.2.2 Year two pasture N content by harvest 
Treatment N content (%) 
  Harvest 1
1
 Harvest 2 Harvest 3 Harvest 4 Harvest 5 Harvest 6 Harvest 7 Harvest 8 Harvest 9 
Control 3.41 d 3.09 f 1.84 f 1.59 d 2.11 d 2.46 b 2.07 c 3.41 c 3.69 a 
Fertiliser 3.44 d 3.60 de 2.86 cd 2.51 b 2.55 c 3.22 a 1.99 c 4.29 a 3.83 a 
U300 3.81 c 3.47 ef 2.36 e 1.81 cd 1.99 d 2.34 bc 2.18 c 3.63 bc 3.80 a 
U500 3.99 c 3.98 cd 3.05 bc 2.15 bc 1.99 d 2.32 bc 2.03 c 3.53 bc 3.79 a 
U700 3.89 c 4.01 c 3.40 b 2.52 b 2.12 cd 2.01 c 2.10 c 3.52 bc 3.62 a 
U1000 4.76 b 5.06 b 3.93 a 3.23 a 3.29 b 3.03 a 2.53 b 3.39 c 3.80 a 
U500+DCD 4.88 b 4.74 b 2.59 de 1.83 cd 2.07 d 2.26 bc 2.08 c 3.34 c 3.65 a 
U1000+DCD 5.32 a 5.83 a 4.33 a 3.67 a 3.76 a 3.34 a 3.08 a 3.81 b 3.96 a 
LSD (0.05)2 0.338 
 
0.385 
 
0.400 
 
0.440 
 
0.421 
 
0.373 
 
0.350 
 
0.361 
 
0.378 
 Significance of contrasts
3
                                     
Urine rate effect:
4
 
                  Linear *** 
 
*** 
 
*** 
 
*** 
 
*** 
 
* 
 
* 
 
NS 
 
NS 
 Quadratic NS   * 
 
NS   NS   ***   ***   NS   NS   NS   
Urine rate*DCD:
5
 
   
  
    
                    
Main effect urine *** 
 
*** 
 
*** 
 
*** 
 
*** 
 
*** 
 
*** 
 
NS 
 
NS 
 Main effect DCD *** 
 
*** 
 
NS 
 
NS 
 
NS 
 
NS 
 
* 
 
NS 
 
NS 
 Interaction NS   NS   **   **   NS   NS   NS   *   NS   
1 
Harvests 1-9 correspond to March, April, May, June, July, August, September, October and November, respectively, in 2011 (year two). 
2
 Letters indicate a significant difference between two treatments at P < 0.05.  Least significant difference (5%) calculated from all 
treatments including control.  
3
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05. 
4
 Urine rate effect based on contrasts of 5 urine treatments including control. 
5
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
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D.3 Pasture N uptake by harvest 
D.3.1 Year one pasture N uptake by harvest 
Treatment N uptake (kg N ha
-1
) 
  Harvest 1
1
 Harvest 2 Harvest 3 Harvest 4 Harvest 5 Harvest 6 
Control 3.0 d 5.8 d 10.1 f 9.9 d 11.3 b 14.5 d 
Fertiliser 14.0 ab 26.1 ab 53.2 bc 23.5 bc 28.7 a 23.9 abc 
U300 5.5 cd 11.7 cd 21.6 ef 11.6 d 11.9 b 14.1 d 
U500 7.0 cd 14.1 cd 26.4 de 11.9 d 13.2 b 16.9 bcd 
U700 10.7 b 16.6 bc 39.4 cd 12.4 d 11.0 b 15.4 bcd 
U1000 14.1 ab 35.5 a 73.9 a 29.2 b 31.3 a 24.8 ab 
U500+DCD 11.7 bc 32.6 a 55.4 b 22.1 c 15.2 b 16.7 bcd 
U1000+DCD 18.5 a 36.0 a 81.1 a 39.7 a 33.7 a 31.2 a 
LSD (0.05)
2
 6.60 
 
10.06 
 
13.82 
 
6.82 
 
8.68 
 
8.70 
 Significance of contrasts
3
                         
Urine rate effect:
4
 
            Linear *** 
 
*** 
 
*** 
 
*** 
 
*** 
 
* 
 Quadratic NS   NS   **   **   **   NS   
Urine rate*DCD:
5
 
        
        
Main effect urine ** 
 
** 
 
*** 
 
*** 
 
*** 
 
** 
 Main effect DCD NS 
 
* 
 
*** 
 
*** 
 
NS 
 
NS 
 Interaction NS   *   *   *   NS   NS   
1 
Harvests 1-6 correspond to April, May, June, July, August and September, respectively, in 2010 (year one). 
2
 Letters indicate a significant difference between two treatments at P < 0.05.  Least significant difference (5%) 
calculated from all treatments including control.  
3
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05. 
4
 Urine rate effect based on contrasts of 5 urine treatments including control. 
5
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+). 
 270 
 
D.3.2 Year two pasture N uptake by harvest 
Treatment N uptake (kg N ha
-1
) 
  Harvest 1
1
 Harvest 2 Harvest 3 Harvest 4 Harvest 5 Harvest 6 Harvest 7 Harvest 8 Harvest 9 
Control 14.0 c 19.5 e 17.0 d 14.0 e 12.5 e 15.6 c 12.3 b 16.6 c 27.5 c 
Fertiliser 12.2 c 29.9 e 67.5 b 52.9 d 52.5 b 44.4 b 19.6 b 28.0 b 41.7 a 
U300 17.2 bc 32.5 de 42.5 c 25.7 e 21.3 de 20.7 c 16.5 b 19.4 c 32.4 abc 
U500 28.5 ab 45.8 cd 75.4 b 64.8 cd 33.1 cd 22.3 c 16.4 b 19.8 c 39.6 ab 
U700 27.2 ab 51.2 c 85.5 b 82.6 bc 47.4 bc 23.4 c 13.5 b 18.9 c 29.2 c 
U1000 28.3 ab 84.6 a 135.9 a 88.9 ab 96.4 a 65.2 a 36.0 a 28.7 b 30.3 bc 
U500+DCD 33.0 a 69.3 b 66.7 b 32.8 e 25.7 de 26.3 c 20.1 b 26.3 b 36.1 abc 
U1000+DCD 27.9 ab 74.8 ab 122.2 a 103.9 a 99.7 a 74.2 a 45.8 a 35.8 a 31.5 abc 
LSD (0.05)
2
 11.50 
 
14.29 
 
19.13 
 
19.55 
 
17.02 
 
14.28 
 
9.95 
 
5.54 
 
10.30 
 Significance of contrasts
3
                                     
Urine rate effect:
4
 
                  Linear ** 
 
*** 
 
*** 
 
*** 
 
*** 
 
*** 
 
*** 
 
*** 
 
NS 
 Quadratic NS   NS 
 
NS   NS   ***   ***   *   NS   NS   
Urine rate*DCD:
5
 
   
  
    
                    
Main effect urine NS 
 
*** 
 
*** 
 
*** 
 
*** 
 
*** 
 
*** 
 
*** 
 
NS 
 Main effect DCD NS 
 
NS 
 
NS 
 
NS 
 
NS 
 
NS 
 
NS 
 
** 
 
NS 
 Interaction NS   **   NS   **   NS   NS   NS   NS   NS   
1 
Harvests 1-9 correspond to March, April, May, June, July, August, September, October and November, respectively, in 2011 (year two). 
2
 Letters indicate a significant difference between two treatments at P < 0.05.  Least significant difference (5%) calculated from all 
treatments including control.  
3
 Significance expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, NS not significant P > 0.05. 
4
 Urine rate effect based on contrasts of 5 urine treatments including control. 
5
 Urine rate*DCD based on a 2x2 factorial with factors urine rate (500,1000) and DCD (-,+).
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 Appendix E
15
N recovery in pasture by harvest 
E.1 Percentage 15N recovery in pasture by harvest in year two 
Treatment Harvest 1
1
 Harvest 2 Harvest 3 Harvest 4 Harvest 5 Harvest 6 Harvest 7 Harvest 8 Harvest 9 TOTAL 
U1000 1.35
2
 3.80 6.23 4.16 4.14 2.72 1.50 1.07 0.66 25.63 
U1000+DCD 1.37 3.49 5.79 4.82 4.50 3.13 2.04 1.38 0.79 27.30 
LSD (0.05)
3
 0.986 1.252 0.888 1.349 1.311 1.616 1.038 0.617 0.289 
 
1
 Harvests 1-9 correspond to March, April, May, June, July, August, September, October and November, respectively, in 2011 (year two).  
2
 Values are means of 4 replicates. 
3
 Least significant difference (5%) presented for U1000 and U1000+DCD treatments. 
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 Appendix F
Soil total carbon and nitrogen 
F.1 Soil total carbon and nitrogen content by depth 
Treatment U1000 U1000+DCD 
 
%C %N C:N %C %N C:N 
0-150 mm 3.98 (0.23) 0.42 (0.02) 9.43 3.00 (0.88) 1.27 (0.86) 2.37 
150-350 mm 2.26 (0.20) 0.25 (0.02) 9.21 2.50 (0.07) 0.26 (0.01) 9.50 
350-550 mm 0.62 (0.13) 0.06 (0.01) 10.66 0.72 (0.16) 0.07 (0.1) 10.93 
Values in parentheses are SEM n=4 
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